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Summary of Final Report

The objectives of this research project were:

To study experimentally and theoretically the mechanism and kinetics

of deposition and penetration of ceramic particles into porous

substrates by electrophoresis.

To study formation of ceramic oxide coatings from ionic solutions by

electroreduction.

To apply the results in order to develop a method for coating and

impregnation of graphite and carbon--carbon composites with

oxidation resistant materials.

The approach adopted in order to achieve these objects was based on:

- Application of an electric field for deposition and penetration of

ceramic oxides from ionic aqueous solutions by electroreduction.

- Solve Fokker-Planck probability functions to predict theoretically

particle penetration into pores as a function of physical parameters.

Electrophoretic deposition is obtained by the movement of electrically

charged ceramic particles suspended in a fluid under the influence of a

relatively high electric field. The charging of the particles takes place by the

absorption of ions from the medium or by dissociation of the particle itself.

The mobility of the particles in an unbounded medium is a function of the

field strength, the dielectric constant and viscosity of the fluid and of the

zeta potential and radius of the particle.

The phenomenon of electrophoresis can be utilized also for the

induction of ceramic particles into the pores of a porous substrate. The

particle penetration is facilitated by the electrophoretic force exerted on it

and the electroosmotic flow of the fluid into the pores.

1
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The electrolytic deposition of ceramic oxides from aqueous ionic

solutions is based on the generation of hydroxyl ions (0H") by cathodic

reduction of ions such as NO3 and the subsequent interaction between OH'

and appropriate cations, such as AIR, ZrO- to form insoluble hydroxides of

Al(OH)3, or Zr (OH) 4 for example. Decomposition of the hydroxide upon

thermal treatment renders the oxides. Co-deposition of two or more oxides

is possible provided the different appropriate cations are present in the

electrolyte.

The research program consisted of the following stages.

1. Investigation of the possibility to charge and deposit

electrophoretically various oxide and non-oxide ceramics which have

the potential to protect carbon materials.

2. Testing of the concept that ceramic particles can be induced into the

pores of a porous substrate due to the effect of the electric field.

3. Investigation of the possibility to deposit ceramic coatings on graphite

and C-C from aqueous ionic solutions by electrochemical reactions.

4. Theoretical analysis of the penetration of a single ceramic particle

under the effect of an electric potential gradient into an open pore in

order to:

- gain an insight on the mechanisms governing the penetration;

- derive the non-dimensional parameters that characterize the

motion of the ceramic particle;

- predict the penetration depth of the particle.

5. Study the effect of electrophoretic deposition and fluid parameters on

the quantitative penetration of ceramic particles into the porous

substrate.
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6. Study of electrochemical and microstructural aspects of the

electrolytic deposition of a ceramic oxide (ZrO2) from an ionic

aqueous electrolyte.

7. Study of electrophoretic surface deposition and penetration of

low-expansion ceramic materials such as AI2TiO5 and HITiO 4. The

interest in these coating materials stems from their anticipated

compatibility with graphite and C-C substrates from the point of

view of thermal expansion. However, the anisotropicity of the

expansion of these materials results in microcracking.

8. Study of multilayer electrophoretic deposition of ceramic coatings. It

has been realized that the complicated problem of C-C protection

may demand application of more than one coating. Therefore the

sequential deposition of a protective coating on a low-expansion

microcracked underlayer was studied.

9. Study of the co-deposition of two oxides by the electrolytic method

(A120 3 + ZrO2). The effect of deposition parameters on the kinetics,

morphology and composition of the coatings was studied.

10. Theoretical analysis of the penetration of a ceramic particle into a

closed pore.

11. Single and multilayer coating of graphite and C-C specimens,

sintering of coatings and study of oxidation protection afforded in

continuous and sequential exposure to high-temperature oxidizing

conditions.

12. Coating of shaped objects (exhaust nozzles) and testing of their

oxidation and wear resistance.
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Deposition and impregnation experiments were carried out on two

kinds of substrates:

- Porous graphite UCAR Grade 45 with a 48% volume porosity and 60j

average pore size. This material served as a model material for C-C

and has the benefit of more accurate characterization and therefore

better reproducibility of results is expected.

- A 2D carbon--carbon composite received from the Philips Lab. at

Edwards Base. The ceramic powders used in the electrophoretic

deposition studies were:

- A submicron colloidal SiO 2 - Pyrogenic Aerosol with a specific

area of 450 m2/g.

- Si 3N4 with a particle size in the range of 0. 2--0. 7p supplied by

the Israel Ceramics Institute. This powder contains a sintering

additions of 6% Y20 3.

- SiC with a particle size of < 40 a supplied by the Israel

Ceramics Institute.

- Fused SiO 2, 1-4 0A supplied by the Israel Ceramics Institute.

- AI2TiOs of two kinds was used. One was supplied and

prepared by the Israel Ceramics Institute with a 5% BaCO3

additive and an average particle size of 1.4,u. The second kind

was supplied by the Institute fur Gesteinhfittenkunde, Aachen

with a 5% additive of SiO 2.

- HfTio 4 was acquired from Cerac Corp. with an average

particle size of 70 ja.

- BN Grade B-50, H. Starck, Berlin

Specimens were 20x20x7 mm and 16x9-7 mm. They were ultrasonically



cleaned in ethanol for 5 miin prior to coating. After deposition the specimens

were dried in air for 5 miin and then at 200" C for 1/2-1 hr.

Most electrophoretic deposition experiments were carried out from

suspensions in isoprapanol and water. For the study of the effect of solvent

properties on penetration, ethanol and pentanol were also used. The

deposition was carried out at constant voltage with the electric field intensity

varying between 5-300 v/cm. Particle concentrations were 3-250 g/1 and

deposition times varied between 30 sec - 120 min.

The amount of impregnated material was determined by weight

change after removal of the external deposit. In some cases this was

determined by weighing the residue after burn-off of the graphite at 900'C

for 20 hrs.

The composition and morphology of the deposits were studied in

cross-sections of the coated specimens in a Jeol-840 SEM equipped with an

EDS analysis unit. In case of "green" deposits specimens were infiltrated

with an epoxy resin (Epofix-Struers) and cured for 10 hrs prior to sectioning.

Cross-sections were prepared by cutting with a lathe at 800 rpm. In some

experimcints the cross-sections were polished. X-ray diffraction of the

coatings was carried out with a diffractometer Philips Model RW-1820, 40

kv, 40 mA, scanning rate 0.45 /rmin.

Sintering of coatings was done in air, nitrogen or argon, for 15 mrin -

4 hrs at 1100C - 1650'C.

The electrolytic deposition studies included deposition of ZrO 2 from a

0.1M ZrO (NO 3)2 aqueous solutiofi. The co--deposition of ZrO 2 + A120 3 was

carried out from solutions containing both ZrO (NO 3) 2 and AI(NO 3 )3 of

varying concentrations. The deposition was done at constant current with
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c.d.1s in the range of 15-100 mA/cm2 and durations of 20 sec-O min. The

deposits were heat treated at 400, 600 and 900 C for 1 hr while the

co-deposits were treated for 1 hr at 1200 C. The microstructure was

characterized by optical and scanning electron microscopy and the phase

content was determined by x-ray diffraction.

The oxidation experiments were carried out with single (AI2TiO6,

Si 3N4) as well as with multilayer coatings (Al 2TiOs + Si3N4 , SiO 2 + Si 3N4,

BN + Si 3N4),

The coated specimens after sintering of the deposits were exposed in

an oven at 830 C. In some experiments the exposure was continuous for 7

hrs while in others sequential 1 hr exposures up to a total of 7 hrs were

repeated. In each case cooling was in the air. Weight losses were recorded

and metallographic cross-sections prepared before and after exposure and

studied in the SEM.

- Electrophoretic deposition of all the ceramic materials studied so far,

both on graphite and C-C was ottained following the charging of the

particles and their displacement under the influence of the electric field.

Some particles (e.g., SiO 2, SiC) acquired negative charges in isopropanol and

therefore deposited on the anode while others (Si 3 N4, AI 2TiO5) deposited on

the cathode.

- In addition to surface deposition, 'he induction of the ceramic

particles into the pores of porous graphite was demonstrated qualitatively for

all the materials and was studied quantitatively for colloidal SiO 2. The

penetration of the SiO 2 into the substrate was demonstrated by x-ray

mapping of Si on cross-sections of coated specimens. It was found that in
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the specimen with higher SiO 2 contents, a skeleton of SiO2 of the same shape

and dimensions as the original specimen remained after gasification of the

graphite. The cross-section of this skeleton showed that the whole

cross--section of the graphite was impregnated.

- The existence of an electroosmotic effect was demonstrated by the

enhancement of pore filling by water and propanol in the presence of the

electric field.

The theoretical analysis enables to predict the penetration depth of a

ceramic particle inside the porous substrate under the influence of the

electric potential gradient. It also enabled to derive the non-dimensional

parameters that affect the particle motion. It was thus deduced that the

parameters which affect most the particle penetration are the Peclet number

(Pe) and the Damkohler number (A):

Pe ((U" + Us)b

-kb

where

U" - electrophoretic velocity

Um - electroosmotic velocity

b - pore mean radius

D - diffusion coefficient

k - local deposition rate

Large Peclet numbers and small Damkohler numbers enhance penetration.

Thus, deep penetration (over hundred pore diameters) can be achieved for

very low deposition rates (, < 0.1) and for very high Peclet numbers (Pe >

100). Deepest penetration is obtained for A = 0 which can be achieved if a
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repelling force between particles and pore walls would exist. Electroosmouis

increases the Peclet number and thus penetration. The diffusion coefficient

of the particle has a dual effect: its decrease increases the Peclet number, but

it also increases the deposition rate. The theoretical analysis also indicates

how the penetration can be controlled by selection of solvent properties,

particle size and concentration and electric field strength.

The dispersion around the mean penetration depth is large for small

Damkohler numbers and grows almost linearly with Peclet numbers. Thus,

an almost even spread can be achieved for the same values which will bring

about deep penetration. This result is a very favorable outcome for

electrophoretic coating methods.

Comparison with the result we obtained for the open pore structure of

the substrate reveals that penetration depths for closed pores is smaller

whereas dispersion in the latter is larger provided electroosmosis exists.

Experimental studies of the effect of solvent and deposition

parameters on particles carried out with colloidal SiO 2 showed that as

predicted theoretically, an increase in the c/77 ratio of the fluid enhances

penetration. Thus, it was found that the amount of induced SiO 2 was 10

times larger for water (c/n = 81) than for pentanol (e/n = 4.2).

It was found that the electric field has a dual effect on the extent of

particle penetration. Due to increase of the particle velocity and Peclet

number with field strength, penetration is enhanced by it. However, the field

also enhances the buildup of an external deposit on the substrate, which

blocks penetration. Therefore, there exists an optimal field strength, its

value decreasing with increased particle concentration, because of faster

buildup of the external coating at higher concentrations.

Penetration increases with particle concentration both in water and



propanol. At low field strengths (5 V/cm) the relationship is linear for the

range of concentrations studied.

Penetration increases with deposition time, but reaches a plateau

after a period which depends on solvent concentration and field strength.

The fact that the plateau is reached before full impregnation of the pores is

probably due to the blockage by the external coating. Thus, the extent of

penetration could be increased if a way is found to prevent surface

deposition.

Impregnation and coating with low-expansion ceramics was studied

with Al2TiO5 and HTTiO 4 particles. In contrast to SiO 2 particles, it was

found that both A12TiOs and HfTiO 4 deposit on the cathode both from water

and propanol suspensions. The positive charge on the particles indicates a

high isoelectric point since the pH of these suspensions was determined as 8.1

in water and 6.2 in propanol. As in the study of S'0 2 deposition, it was

found that penetration of AI2TiOM into the porous substrate is higher in

water than in propanol. However, the addition of - 20% propanol to the

water leads to a maximal penetration probably due to better wetting of the

graphite as demonstrated in simple wetting experiments. About 6% of

substrate weight of Al2TiO5 were induced into the pores at 100 V/cm, 30 g/t

after 60 min. The surface deposition, however, is both higher and

morphologically better in propanol due to a lower fraction of penetrated

material and lower H2 formation on the cathode.

It was thus concluded that for optimal coverage and penetration a two

stage process would be employed: ihpregnation from an aqueous solvent with

20% propanol for relatively long duration (60 min, 75-100 V/cm) and

coating in propanol at higher field (200 V/cm) and shorter duration (z 2
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min.) It was shown that impregnation increases with field intensity and

deposition time.

The feasibility of subsequent deposition of two different layers of

materials with zeta potentials of the same polarity was shown for Si3N4 on

AI2TiO5 (cathodic deposits) and SiC on glass ceramic (anodic deposits). The

deposition is carried out by transferring the coated substrate from the first

suspension into the second to continue the deposition of the second material.

Cross-sections of the two layers were prepared after impregnation.

Elemental analysis and Si and Ti x-ray images were performed in the SEM

and the existence of the two layers shown. However, penetration of the

Si3N4 and SiC into the first layer was observed. The layer thicknesses

obtained in these experiments were in the range of 150-300 .

The sintering and oxidation experiments gave the following results:

Hf'io 4  coatings disintegrated after sintering and no viable

undercoating was obtained.

Sintering A12TiO5 coatings at 1650*C in N2 resulted in adherent

coatings which, however, decomposed partially into A120 3 and TiO2 .

Si3N 4 coatings were obtained by sintering at 1650"C in N2. Uniform

and adherent coatings were obtained with extensive anchoring in the pores

and voids of the substrate. Interaction with the substrate took place

resulting in SiC and Si formation.

Sintering of Si3N4 coatings deposited on an underlayer of Al2TiO 5

resulted in dense Si3N4 layers reaching the substrate through a discontinuous

layer containing Ti. An even disti-ibution of Al was seen in the entire.cross-

section.

Adherent coatings of Si3N4 on fused SiO 2 were obtained with

anchoring in the substrate. Horizontal and vertical microcracks are seen in
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the coatings after sintering.

Impregnation of BN into the pores prior to Si3N4 coating was

attempted. Since both B and N are not visible in the EDS-SEM no evidence

of penetration was seen except for weight gain after impregnation.

Shaped objects, exhaust nozzles and casting crucibles, were coated

with Si3N4 + A12TiO 5 and Si3N4 + SiO 2. Uniform internal and external

coatings were obtained using shaped electrodes.

Oxidation experiments were carried out by recording the weight loss

during continuous and repeated exposures of 830 C. Best results with

graphite specimens were obtained with the Si3N4 + AI2TiOs system where in

some cases nil weight loss was recorded after 7 repeated 1-hr exposures, a

regime that exposed the specimens to repeated thermal shock. No beneficial

effect of an underlayer of fused SiO 2 or BN was found in laboratory

specimens when compared with Si3N4 only. However, very good results were

obtained with an underlayer of Si0 2 on exhaust graphite nozzles under

specific testing conditions.

On C-C specimens low weight losses were obtained with Si3N4 and

Si3 N4 on AI2TiO 5 in continuous exposure experiments. In most repeated

exposure tests high weight losses were recorded. However, in some

experiments Si3N4 coatings gave low weight loss. The irreproducibility of the

results in both materials and in particular in the case of C-C may stem from

a major defect in the coating formed on the location of the holder during

deposition. Although repeated depositions were made this problem may not

have been solved completely and should be elaborated in further

experiments.

The electrolytic route of obtaining ceramic oxide coatings on graphite

and C-C was studied for deposits of ZrOT2 and co-deposits of ZrO2 and

A1203,
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ZrO 2 coatings were deposited from an aqueous solution of ZrO(NOs) 2.

A two-step mechanism is suggested for the ZrO2 formation; generation of

hydroxyl ions (OH-) at the cathodic substrate by reduction of NO- and

dissolved 02, and then reaction of the hydroxyl ions with zirconyl ions

present in the solution to form the hydroxide Zr(OH) 4, which in turn

decomposes on drying to yield zirconia (ZrO 2). Faradaic efficiencies of

20-50% were found, attributable to reduction reactions that do not produce

hydroxyl ions, as well as to formation of the hydroxide at sites removed form

the cathodic substrate due to diffusion of the hydroxyl ions. The effects of

current density, time, and hydrodynamic conditions on coating weight, cell

voltage, temperature, and pH of the solution were studied.

As expected, it was found that coating weight increases with c.d. and

time, while stirring of the electrolyte caused a significant reduction of

deposition rate, probably by facilitating migration of OH- from the cathode

into the bulk of the solution so that the hydroxide formed does not

accumulate on the cathode. Cell voltage and temperature of the solution

increased with increase in c.d. and time, as a result of the formation of the

non-conductive deposit characterized by a high ohmic resistance. pH of the

solution as measured in the bulk is reduced at high c.d. due to the generation

of H+ by the anodic reaction and use of the 0H- formed at the cathode in

the Zr(OH)4 formation.

The initial coating is a zirconium hydroxide gel with an amorphous

character. Microcracks develop in the coating during drying due to tensile

stresses associated with non-uniform contraction. Firing of the coating led

to its crystallization into fine, equiaxed submicron particles of monocinic

and tetragonal polymorphs of zirconia. Calculation of crystallite sizes by

reflection broadening, indicated them to be 2 nm after treatment at 400"C

and 12 nm when fired at 600 C for 1 hour. Under these conditions the
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polymorphs were undistinguishable. Firing for 1 hr at 900 C resulted in

distinct crystallites of both phases, 20-25 nm in size. The volume fractionu

were 15% and 85% for the tetragonal and monoclinic phases respectively.

The co-deposition of two oxides by an electrolytic process from

aqueous solutions containing salts of both cations AI(NO 3)3 + ZrO(NO3 ) 2

was demonstrated and studied for A120 3 + ZrO2 deposits. Prior to that the

deposition of A120 3 was studied.

During deposition of A120 3 the cell voltage rises steeply as a result of

the build-up of the hydroxide with a high ohmic resistance. At a certain

stage further growth of the deposit is enabled by local breakdown of the film

creating new sites of reduction. A more gradual rise in cell voltage takes

place when A120 3 and ZrO 2 are co-deposited indicating a change in the

dielectric properties of the co-deposit.

The as-deposited coatings are amorphous and after a heat-treaiment

at 1200" C for 1 hr became crystalline exhibiting phases of aAI2O3 and

tetragonal ZrO2. It was shown that the atomic ratio of Al/Zr in the deposit

can be varied by varying this ratio in the solution. The AI(OH)s is, however,

preferentially deposited probably due to the higher diffusion coefficient of

AI3* as compared to that of ZrO 2 
2 .

Improved coating morphology and maximum thickness was obtained

by applying a pulsed current for deposition. This effect can be explained by

the creation of new nucleation sites for deposit formation during current

intermission decreasing thus the cluster size.

The present work demonstrated the potentialities of the electrolytic

method for production of single ceramic oxide deposits as well as co-deposits

of two oxides. Control of thickness as well as of composition can be achieved

by control of deposition and solution parameters. However, further studies of

the drying stage are necessary in order to achieve sound and crack-free

coatings.
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Summary and Future Work

The present project has laid the experimental and theoretical

foundations for a technology aimed at protecting carbon-based porous

materials from oxidation at elevated temperatures. This is achieved by

electrophoretic impregnation and deposition of an unlimited variety of

ceramic materials. The basic advantages of this technology as compared with

existing ones are:

- The possibility to deposit any type of ceramic material including

materials that cannot be deposited by other coating techniques such

as CVD.

- The possibility to induce the ceramic material into pores and cracks of

the substrate to improve adhesion of coating and overall protection.

- High coating rate

- The possibility to cu ,tt complex shapes.

- Low cost of equipment and operation.

Two specific coating systems were studied in specimens and demonstrated on

shaped products - exhaust nozzles and crucibles. These systems are coatings

of Si 3N4 on A12TiOs and on fused SiO 2. Also coatings of Si 3N4 only were

studied on specimens. The coatings were sintered and their oxidation

protection studied at one set of conditions.

The feasibility of producing single and multi-layer coatings and

impregnation, their sintering and achieving oxidation protection has been

proven.
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However, more experimental work should be done to optimize and

finalize this technology. This work should include the following

investigation:

- Testing of additional single and multi-layer coating systems for

further optimization of the oxidation protection.

- Optimization of coating thicknesses.

- Study of geometrical parameters for shaped body coating.

- Procedures for preventing defects in coating due to use of holder.

- Scale-up of process.
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1. Introduction

This report covers the last research period of this project which

concentrated on the sintering of coatings and testing of the oxidation

resistance of the coated specimens. Experiments were carried out on

graphite and C-C specimens and in the final stage, deposition on shaped

objects was carried out. Those were graphite exhaust nozzles and crucibles.

2. Materials and Methods

a) Substrates

Two kinds of substrates were used, a porous graphite and carbon-carbon

composite:

- Porous Graphite UCAR Grade 45. Porosity 48% and an average pore

size of 6014.

- 2D Carbon-Carbon (received from the Phillips Lab. at Edwards Base)

b) -Ceramic Materials

- Al2TiO5 prepared at the Israel Ceramics Institute with 5% BaCO 3 added

for sintering enhancement. After attrition milling the average particle

size was 1.41.L

- AI2TiO5 - bioceramic submicron powder with 5% SiO 2 from Institut f&ir

Gesteinshfittenkunde, Germany.

- Si 3N4 LC12 was acquired from Alfa Corp. and prepared at the Israel

Ceramics Institute with 6% Y20 3 added for sintering enhancement. The

average particle size was <0.7,u.

- HfTi0 4 was acquired from Cerac Corp. and had originally an average

size of 70a.
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- Fused SiO2 (1-40u) supplied by the Israel Ceramics Institute.

- BN - Grade B--50, Hermann C. Starck, Berlin.

C. ac eime.

Specimen dimensions were 16 x 9 - 7mm.

Nozzles: 060mm, height - 60 mm.

Crucibles: 060 rnm, height - 80 mm.

d. Deyosition yarameter•

Electrophoresis was carried out from suspensions of respective particles

in aqueous and non-aqueous solvents, and mixtures of the two solvents.

Suspensions were prepared by wet milling for 3 hours in a ball mill,

sonicating for 5 min. Stirring was applied during deposition and penetration.

Deposition electric field was - 5v/cxn - 300v/cm.

Particle concentration - 30 g/1 - 100 g&/

Solvents - isopropanol and water after deionizing

Temperature - room

Current - 0.1 - 100 mA (current fell during experir-,ents due to

build-up of deposit)

Deposition time - 15 sec - 60 min

Counter electrodes - stainless steel

Distance between electrodes - 15 mm

Specimm P.rearation

The specimens were cleaned ultrasonically in ethanol for 4 rain prior

to coating and twice for 4 rmin after sintering of coating.

Siatmkin

Sintering was carried out at temperatures 1400'C - 1650"C for
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45 miin - 4 hours in an Ar or N2 atmosphere. Cooling was in the

furnace. "1he specimens were immersed in a powder of Si 3N4 during the

sintering. Prior to sintering the deposits were dried at 200" C for 20 min.

Testikg of Devosits

For quantitative determination of the deposited material, specimens

were weighed before deposition, after deposition and after sintering of

the deposit. The amount of impregnated material was determined by

weight change after removal of the external deposit. The oxidation

experiments were carried out with Si 3 N4 as well as with multi-layer

coatings (Al 2TiO 5 + Si3N 4, BN + Si 3N4 .; Si0 2 + Si3N 4). The coated

specimens, after sintering of the deposit, were exposed in a furnace at

830" C. In some experiments the exposure was continuous for 7 hours

while in others sequential 1 hr exposures up to a total of 7 hrs were

repeated. In each case cooling was in the air. Weight losses were

recorded and metallographic cross-sections prepared before and after

exposure.

I Lhe morphology and composition of deposit were studied by optical

and electron microscopy with a JEOL 840 SEM and the phase content

was determined by X-ray diffraction. For study of cross-sections, the

coated specimens after sintering and oxidation were covered with an

Epofix (Struers) resin and cured for 10 hrs at room temperature. Then

the cross-section was prepared by cutting with a lathe at 800 rpm. The

cross-sections of some specimens were polished.
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3. Results and Discussion

The first steps of this research period concentrated on the deposition of

ceramic materials with low expansion coefficients - HfTiO 4 and Al2TiOs (see

Fig. 1). This property is important to minimize crack formation during

sintering and use. It was clear that an additional coating will have to be

applied later since both materials have anisotropic expansion properties and

therefore microcracking will take place.

The deposition conditions were defined on the basis of the previous work.

3.1 HlfTiOi Coatins

The HiTiO4 powder was deposited on the cathode at the following

conditions:

particle conc. - 30 g/1

field intensity - 300 v/cm

time - 30 min

fluid - propanol

Following deposition the coatings were dried and sintered. In order to

determine the sintering conditions a dilatometric test was performed on the

HfTi0 4 powder (Fig. 2). This test showed a strong shrinkage (18%) in the

temperature range 1000-1550" C. A body was prepared, sintered at 1550"C

for 3 hrs and tested. The density was found to be 5.6 gr/cms, open porosity -

0.3% and water absorption - 0.05%. An X-ray diffraction test showed the

characteristic peaks of the HiTiO 4 with a small concentration of other

crystalline phases. In view of the above results it was decided to sinter the

HfTiO 4 coatings at 1650'C for 1.5 hrs in N2 so as to ensure complete

sintering. However in all experiments the HTiO4 coatings disintegrated and

fell off the substrate. X-ray diffraction of the coated surface after sintering

did not show any evidence of HIfTiO 4, HfO2 or TiQ2 .
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Fig. 1: Ceramic thermal expansion characteristics
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3.2 AITiO Coatinn

AI 2TiO0 was deposited both on graphite and C-C specimens (Fig. 3).

The cathodic deposition was carried out in two stages based on the previous

work. The first stage was performed so as to secure impregnation of the

pores and the second for surface coating.

First stage:

particle concentration - 30 g/e

field intensity - 75 v/cm

deposition time - 60 rain

fluid - water with 20% propanol

Second stage:

particle concentration - 30 g/l

field intensity - 100 v/cm

deposition time - 15 sec + 15 sec (change of holder position)

fluid - propanol

Fig. 4a shows a coated specimen after deposition and 4b shows the

cross-section of an uncoated and coated porous graphite specimen. An even

external coating is obtained and impregnation of the cross-section is seen.

Results of a dilatometric test of the A12TiO 5 powder is seen in Fig. 5.

Shrinkage of the specimen which indicate sintering, took place in the

temperature range of 1100 - 1400" C and it was - 18%.

Coatings were sintered at first at 1400 C for 3.5 hrs in Ar. However,

they did not adhere to the surface, their color was nonuniform and X-ray

diffraction indicated partial decorhposition into A120 3 and TiO2. Sintering

at 1650"C for 1.5 hr in N2 resulted in an adherent coating with dark and

light gray areas. X-ray diffraction patterns of the light and dark areas are

given in Figs. 6 and 7 respectively. Partial decomposition is seen' in both
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Cw,.

a) graphite

oi

b) C-C 2D-composite

Fig. 3: Uncoated specimens
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a) coated specimen

b) Cross-sections of uncoated (left) and coated specimen

Fig. 4: AI 2TiO 5 coating on graphite before sintering
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cases with stronger decomposition in the dark areas where in addition to

Ti0 2 also TiO and Ti3 Os appeared. According to the literature Al2TiO6 is

unstable in the range of 700-1300" C. But additions such as MgO reduce

significantly the degree of decomposition. Attempts to deposit Al2TiO5 with

5% MgO failed. No electrophoretic deposition took place. Therefore, all

experiments were carried out with A12TiOs + 5% BaCO3 as a sintering

additive. In the last stages a powder with 5% Si0 2 was obtained from

Germany and deposited.

3.3 Si.qNj Coatings

The coatings were obtained on the cathode at the following conditions:

particle concentration - 100 g/l

field intensity - 100 v/cm and 50 v/cm

deposition time - 15-60 sec.

Coatings were obtained in single and multi-layers with and without drying

in between layers (Fig. 8). Initial sintering was done at 1600' C for 2.5 hrs in

N2. The coatings did not adhere to the substrate (Fig. 9a). Therefore

sintering temperature was raised to 1650 C and time shortened to 1.5 hrs.

These coatings were adherent (Fig. 9b); however, their color varied from

dark grey to green and black. X-ray diffraction of these coatings is given in

Fig. 10. In addition to OSi 3N4, aSiC, OSiC and Si were found. These resul-s

indicate an interaction between the coating and substrate to form SiC and

formation of Si.

Cross-sections through a graphite specimen coated with two layers

(50 v/cm, 15 + 15 sec) of Si3N 4 after sintering are seen in Fig. 11 and at

larger magnifications in Fig. 1 2. The coating is relatively uniform and

anchoring in the pores is seen.
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Fig. 8: Si3 N4 Coating on C-C before sintering
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a. at 1600'C for 2.,5 h r

b. at 1650' for 1,5 hr

Fia. 9: SiAN4 Coating on C-C after sintenng ait
different temperatures and time in N2
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Fig. 10: X-Ray diffraction of Si 3N4 coating sintered
at 1650 C for 1.5 hrs in N2
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Fig. 12: Cross-sections of graphite specimen,
coating conditions as in Fig. 11
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A specimen coated with six layers (50 v/cm, 15 sec each coating) after

sintering before and after oxidation for seven 1-hr repeated exposures at

830 C is seen in Fig. 13. A cross-section through the specimen after

oxidation and Si mapping of the cross-section are seen in Fig. 14. The

coated specimen which had a coating of a total thickness of 80/u lost 6.1% of

its weight during the oxidation.

The cross-section of a C-C specimen coated with Si3N4 at 50 v/cm by

two layers (15 sec each) after exposure at 830 C for seven 1 hr exposures is

seen in Fig. 15. This specimen lost 7.5% during the exposure. A dense

coating which penetrated into cracks and voids of the substrate is seen.

Another C--C specimen coated and sintered is seen in Fig. 16. A longitudinal

crack in the coating is seen.

In some cases catastrophic oxidation of the coated specimen took place

and caused weight loss up to 38% within 7 - 1 hr exposures at 830" C. This

was caused by flaws in the coating such as cracks (Fig. 17e) and

discontinuity (Fig, 17 b and c). This specimen had 6 layers 15 sec. each.

Thus the increase in number of layers and overall thickness was not

beneficial.
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a- Si 3N4 coating, six layers on graphite - 50 v/cm, 15 sec.

b. Above specimen after 7 hrs of repeated 1-hr exposures at
830*C. Weight loss 6.1%

Fig. 13: Si3N4 coating after sintering
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a.Morphology

b. X-ray mapping of Si on area seen in a.

Fig. 14: Cross-section of specimen seen in Fig. 13b.
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Fig. 15a: Cross-section th~rough C-C coated with
Si 3N4 at 50 v/cm, 15 + 15 sec after oxidation

Fig. 15b: X-ray mapping of area seen in 15a.
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a

b
X-ray mapping of
Si on area a

C

Fig. 16: Cross-sections of C-C composite specimen
coated with Si3N4 after sintering
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441

C

Fig. 17: Cross-sections of C-C composite specimen
coated with Si3N 4 after repeated 1-hr exposures at

830' C for 7 hrs. Weight loss 38,0O7
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Continuation of Fig. 17
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3.4 SiENi on AITiO!; Coatings

Si3N 4 was deposited on an underlayer of Al2TiO$. The condition for

deposition of A12TiOS (with two kinds of sintering additions - 5% BaCO3 or

5% SiO 2) were as follows:

- stage I (impregnation):

flmo - 20% propanol in water

concentration - 30 g/1

field intensity - 75 v/cm

time - 60 min

Stage II (external coating)

fluid - propanol

concentration - 30 g/l

field intensity - 100 v/cm - 200 v/cm

time - twice 1-2 rmin (change of holder position)

In some experiments 20 m1/1 of 85% H3PO4 were added to the propanol in

order to obtain cementation of the Al2TiO 5 deposit. This helped to maintain

the integrity of this layer during the deposition of the Si 3N4. Under these

conditions the deposit formed on the anode indicating absorption o" P0 4 ions

on the particles.

Stage III - Si 3N4 coating:

fluid - propanol

concentration - 100 g/l

field intensity - 50-100 v/cm

time - twice 15-30 sec

A macro view of C-C and graphite specimens coated with Si3N4 on top of

A12TiO5 is seen in Figs. 18 and 19. A cross-section through coated graphite

in the "green" state is seen in Fig. 20. X-ray mapping of Ti shows its
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Fig. 18: c-chit specimen coated with Si3N4 + A12TiO 5 before sintering
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Si3N4 on
Al2TiO 5

X-ray Si

X-ray Ti

Fig. 20: Cru.ss-section of double layer deposit Of Si3N4
(x 0) 100g/e isopropanol, 50 v/cm, 2 min) and AI2TiO 5

(ý3010g/etiosoopropanol 200 v/m, 90 sec) and X-ray images
(x- 10 0)
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presence in a uniform underlayer with "pegging" into the pores of the

substrate. Si-mapping shows its massive presence in the upper layer but

also a smaller amount is present in the underlayer indicating the penetration

of Si1N4 particles into the pores of the A12TiO5 layer.

Sintering of the coating was performed as before at 1650 C 1.5 hrs in N2.

The sintered coating has an uneven dark grey color. Figs. 21 and 22 show

sintered specimens. X-ray diffraction pattern of the sintered coating is seen

in Fig. 23 indicating formation of SiC through interaction of Si3N4 with the

substrate and decomposition of the AI2TiO5 . Cross-sections through the

sintered coating in graphite are seen in Figs. 24 and 25. A dense layer of

Si3N4 reaching the substrate is on top of a Ti containing layer (TiO 2?).

X-ray mapping of Al shows it to be distributed through the entire coating.

Cross-section through a C-C coated specimen and its mapping are seen in

Figs. 26 and 27. The distribution of the elements is similar to that in the

coating on graphite. Local microanalyses in the middle of the coatings and

near the substrate are seen in Fig. 28 a and b, respectively. Cross-sections

through a graphite coated specimen after oxidation at 830"C for 7x1-hr

exposures are seen in Fig. 29. An adherent intact coating is seen on the

whole periphery of the specimen. Indeed the weight loss of this specimen was

nil. The presence of Ti in the pores of the substrate is shown by

microanalysis in Fig. 30.

3.5 SiN4 on Fused SiO., Coatings

The underlayer of fused Si0 2 was obtained at the following conditions:

particle concentration - 100 g/l

field intensity - 5 v/cm

time - twice 2 min (in between drying at 200 C for 30 min)

fluid - water
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Fig. 21: Si3N4 + AI2TiO5 coating on C-C after sintering
at 1650*C for 1.5 hr in N2

Fig. 22: Si3N4 + A12TiO 5 coating on graphite
after sintering at 1600*C for 2.5 his in N2
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a

A.,w a

i if
4% *.a I ',,

Fig. 24 Cross-section of double layer deposit of
Si3N4 + AI 2TiOs on graphite on different areas

and different magnification
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a.
x-ray mapping
of Si

b.
x-ray mapping
of Ti

C.
X-ray mapping
ofAl

Fig. 25: X-ray mapping of area seen in Fig. 24b
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,ý 3 0K 58., 1im

Fig. 26: Cross-section of C-C composite specimen coated
with Si3N4 + AI2TiO5 after sintering
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a.
x-ray mapping
of Si

b.
x-ray mapping
of Ti

C.
X-ray mapping
of Al

Fig. 27: X-ray mapping of area seen in Fig. 26
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Fig. 29: Cross-section of graphite specimen coated
with Si3N4 + Al2Ti0 5 (AI2TiO5 + 5% SiO 2)

after sintering and repeated I hr exposures at 830*C
for 7 hrs (weight loss zero)
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Fig. 30: EDS spectrum of particle in pore, coating
Si 3N4 + A12TiO5
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The SisN 4 coating was deposited at 50 v/cm for 15 + 15 sec. Sintering of the

coating was as mentioned before. The ovezal thickness of the coatings was

110-150A. The X-ray diffraction pattern after sintering is seen in Fig. 31.

As in the system Si3 N4 + AI2TiOs interaction with the substrate resulted in

SiC formation as well as metallic Si is formed. As expected peaks of SiO 2

and Si 3N4 are seen. Fig. 32 shows a cross-section through the uintered

coating. Fig. 33 shows cross-sections through the coating after a 4-hr

exposure at 830 C. Anchoring of the coating in the pores is seen, however.

Horizontal and vertical cracks through the coating are seen which indeed

impaired the oxidatior resistance (see further). Another example of

anchoring of the coating in the porous substrate is seen in Fig. 34.

3.6 Si1Na coatings after impregnation with BN

BN particles were induced into the pores of graphite at 5 v/cm, for 60

mn at a concentration of 30 g/t in water + 20% propanol. Si3N 4 was then

deposited at 50 v/cm, 15 + 15 sec. Sintering was performed as before. No

SEM-EDS photos are available due to the fact that both B and N are not

detected in it. As shown later, no improvement in oxidation resistance was

found.

3.7 Coatings of exhaust nozzles and crucibles

Following the sintering and oxidation experiments a "real" system was

coated and tested. The test was performed on a set of graphite exhaust

nozzles which were coated with Si3N4 and underlayers of fused SiO 2 and

Al 2TiO5 respectively. Prior to the coating of the nozzles experiments were

carried out with the same shapes made of brass. The purpose of this stage

was to determine the deposition conditions and shape of electrodes so as to
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Fig. 31: X-ray diffraction pattern of sintered
Si3N4 + SiO 2 coating

Fig. 32: Cross-section of graphite specimen coated with
Si3N4 on Fused SiO 2 after sintering
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a

Fig. 33: Cross-section of coated graphite specimen
but after 4 lirs at 830*C (Si3N4 on fused SiO 2)
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a

X-ray mapping rl t

of Si AI

b

Fig. 34: Cross-section of graphite specimen coated
with Si3N'4 + S10 2 and sintered
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obtain an internal uniform coating. The inner electrode was a shaped

electrode with a shape that copied the inner space of the nozzle. The coated

brass models are seen in Fig. 35. Following this experiment the graphite

nozzles were coated, sintered, and tested.

Figs. 36 and 37 show the graphite nozzles after sintering. The graphite

nozzles were tested under conditions that simulate an air-breathing engine

that operates at high temperature (2000" C) at an absolute pressure of 6 atm.

with an excess of oxygen - equivalent ratio of fuel/oxygen = 0.75. The

performance was compared to that of nozzles coated with CVD SiC. The

conclusion of the experiment that lasted 100 sec were that no effect

whatsoever is seen on the nozzles with the electrophoretic deposit. The SiC

coated nozzles performed the same but were exposed for 50 sec only.

Another application was the inner and outer coating of a graphite

crucible used for metal casting. Fig. 38 shows the coated crucible (Si3N4 on

AI2TiO5 ) prior to sintering. An uniform coating was obtained usin, shaped

electrodes. Sintering was performed later and soon the crucible will be sent

for testing.

3.8 Oxidation Experiments

The last stage of this work was dedicated to the testing of the oxidation

resistance of coated graphite and C-C specimens. These experiments led to

some interesting results, however, there were some limitations that did not

allow a full assessment of the oxdation protection in some cases. The main

limitation is in the discontinuity -of the coating formed as a result of the

contact with the holder during the deposition. Although efforts were made to

remedy this by repeating the coating while changing the holder position, this

did not always eliminate the defect. Further elaboration of this coating
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a

b

Fig. 3,5 Brass mode! coated with-
a. S1''1 on Si()

SiOý - 100 -/1, 5v/cm, 2 rmn ,2,
Si I ) . v/cI ). all 5(l
SiN 'N '4 cn iO
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Fig. 36: Coated graphite nozzles after sintering
Coating Si3N4 on Al 2TiO5
AI2TiO 5 - 30 g/l, 200 v/cm, 1,5 rmin
Si3N4 - 100 g/1, 50 v/cm, 30 sec
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Fig. 37: Coated graphite nozzles after sintering
Coating Si 3N4 on SiC 2
SiO 2 -100 g/e, 5 v/cm, 2 min 2
Si3N4 -100 g/1, 50 v/cm, 30 sec -2
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Fig. 38: Coated graphite crucible before sintering
Coating: Si 3N4 on AI2TiOs
A12TiOs - 30 g/ A, 100 v/cm, 30 min
Si3N4 - 100 g/l 50 v/cm, 30 sec
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method will have to put emphasis on this issue. As a result of this very rapid

failure occurred in some cases while in others including duplicate specimens

very good performance was exhibited. Therefore, only a relatively small

selection of results is presented, while many more were omitted. Due to the

limit in time the number of experiments with C-C specimens was smaller

after exhaustive experiments with graphite specimens. The oxidation

conditions as this initial stage, were relatively mild and were determined in

consulting with experts of Wright-Patterson Laboratories.

Tables 1 and 2 summarize the weight losses of the specimens, expressed

in weight percentages, during exposure at 830 C in air. When repeated

exposures were done they included cooling to room temperature in air and

re-exposure to the oven maintained at the testing temperature. As

reference, uncoated graphite specimens were used. Their complete

gasification took place after 3 repeated exposures. Specimens 4.69 and 4.70

present duplicates of a Si 3N4 coating following BN impregnation. The large

difference in weight loss is probably due to the defect in the coating

continuity. The same explanation may hold for the high loss of specimen

4.83 which differs from specimens 4.81, 4.82 and 4.85 in field intensity only.

The high weight losses of specimens 4.86, 4.89 and 4.90 may be attributed to

the fact that the holder position was not changed during deposition. While

this was done, as in specimen 3.147, a significantly better result was

obtained. Si3 N4 coatings on fused SiO2 gave very high weight losses in all

specimens tested. However, in the nozzle coating tested at different

conditions good results were obtained. Therefore, it is suggested to further

test the merit of this system.

The best results with graphite specimens were obtained with the Si3N4 +

AI2TiOs system where in some conditions almost nil weight loss was recorded

after seven (1-hr) repeated exposures which included an element of repeated

thermal shock.
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On C-C specimens only Si 3N4 and Si 3 N4 + Al2TiO5 coatings were tested

in view of the poor behavior of Si3N4 + SiC 2 on graphite specimens. The

irreproducibility on these specimens was higher than on the graphite

specimens (see specimens 4.79 and 3.173). However, relatively good

protection was obtained in continued exposure by both coating systems by

two consecutive 15 sec coatings (while changing holder position) both at 50

and 100 v/cm for the Si 3N4 coating and (specimen 4.104,4.110 -4.111) and

same coating conditions for Si 3N4 on top of a Al2TiO5 layer (specimens 4.118

and 4.119). No benefit of the Al2TiO5 presence was seen in case of the C-C

substrate. However, this result should be re-evaluated before drawing final

conclusions.

Figs. 39-47 present the weight losses graphically by histograms and

graphs. It should be noted that these curves were drawn on the basis of the

specimen with best performance in each group, which it is believed to

represent the potential of the respective coatings. Figs. 39-40 show the

performance of the different coatings on graphite. The drastic difference in

the coated vs. uncoated specimens is seen, as well as the excellent

performance of the Si 3N4 + Al 2TiO 5 system and the limited performance of

the Si3 N4 + SiO 2 system.

Figs. 41 and 42 show the behavior of Si3N 4 coatings obtained at different

deposition conditions. They show that the best protection is obtained by two

consecutive depositions (while changing holder positions) at the higher field

intensity (100 v/cm). The beneficial effect of the Al 2TiOs under the Si 3N4

on graphite specimens is seen in Figs. 43 and 44. The seemingly detrimental

effect of the SiO 2 underlayer is seen in Figs. 45. Fig. 46 shows the effect of

deposition conditions of Si 3N4 on C-C on oxidation protection. The coatings

were obtained at two field intensities (50 and 100 v/cm) during 15 + 15 sec.

Fig. 47 shows the lack of positive effect of the presence of an underlayer of

AI2TiO5 on C-C based on specimens 4.93 and 4.95 from Table 2.
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4. 5ummary and Conclusions

The work presented in this report concentrated on the final steps of the

development of electrophoretic protective coatings for graphite and

carbon-carbon composites. The emphasis was therefore on the sintering of

these coatings and the testing of their protective properties. The deposition

conditions were determined in the previous stages of this project.

The coating systems studied were: Al 2TiO5, HfTiO 4, Si3N4, SisN4 on

AI 2TiO5 , Si 3N4 on fused SiO 2 and Si3N4 on BN. The Al 2TiO5 and HiTiO 4

coatings were selected due to their compatibility with graphite and C-C in

terms of thermal expansion. However, it was expected that due to the

anisotropicity of the thermal expansion coefficient microcracking will take

place and therefore additional overcoating will be needed for oxidation

protection.

The HfTi0 4 disintegrated after sintering and no viable undercoating

could be obtained. Al 2TiO5 was impregnated and uniformly deposited.

Sintering at 1650"C in N2 resulted in adherent coatings which however

decomposed partially into A12 0 3 and TiO 2 as shown by the X-ray diffraction

pattern.

Si 3N4 coatings were obtained both in single and multiple deposition

stages. Multiple deposition was done primarily in order to change the holder

position to minimize defects in the coatings. After sintering at 1650'C in N2

uniform, adherent coatings were obtained with exte,,tive anchoring in the

pores and voids of the substrate. Interaction with the substrate took place as

indicated by diffraction peaks of SiC and Si.

Si3N4 coatings with underlayers of A12TiO5 were obtained. Uniform

layers of Si 3N4 with penetration into the Al 2TiO5 underlayer formed in the

"green" state. Afte: sintering cross-sections showed dense layers of Si 3N4
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anchored in the substrate with a discontinuous layer of a Ti containing

component below the Si3N 4 and an even distribution of the element Al in the

entire coating. Very extensive anchoring of the Si3N 4 coating is seen both in

graphite and C-C specimens. Overall coating thicknesses were up to 88A.

Adherent coatings of Si 3 N4 on fused SiO 2 were obtained with anchoring in

the substrate. Horizontal and vertical microcracks are seen in the coatings

after sintering.

Impregnation of BN into the pores prior to Si3N4 coating was attempted.

Since both B and N are not visible in the EDS-SEM no evidence of

penetration was seen except for weight gain after impregnation.

Shaped objects, exhaust nozzles and casting crucibles, were coated with

Si 3N4 + A12TiOs and Si 3N4 + Si0 2. Uniform internal and external coatings

were obtained using shaped electrodes.

Oxidation experiments were carried out by recording the weight loss

during continuous and repeated exposures of 830" C. Best results with

graphite specimens were obtained with the Si3N4 + A12TiO5 system where in

some cases nil weight loss was recorded after 7 repeated 1-hr exposures, a

regime that exposed the specimens to repeated thermal shock. No beneficial

effect of an underlayer of fused SiO 2 or BN was found in laboratory

specimens when compared with Si3N4 only. However, very good results were

obtained with an underlayer of Si0 2 on exhaust graphite nozzles under

specific testing conditions.

On C-C specimens low weight losses were obtained with SiSN 4 and Si 3N4

on A12TiO5 in continuous exposure experiments. In most repeated exposure

tests high weight losses were recorded. However, in some experiments Si 3N4

coatings gave low weight loss. The irreproducibility of the results in both



66

materials and in particular in the case of C-C may stem from a major defect

in the coatir5 formed on the location of the holder during deposition.

Although repeated depositions were made this problem may not have been

solved completely and should be elaborated in further experiments.
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ELECTROPHORETIC AND ELECTROLYTIC DEPOSITION

OF CERAMIC PARTICLES ON POROUS SUBSTRATES

L. Gal-Or, S. Haber, S. Liubovich

Summary of Annual Report

1 July 1990 - 30 June 1991

INTRODUCTION

The present phase of the research project concentrated on the

following aspects:

- Surface deposition and penetration of low-expansion

ceramic materials such as Al 2 TiO5  and HfTi0 4 on porous

graphite.

- Multilayer electrophoretic deposition of two different

ceramic materials: Al 2 TiO5  and S 3 N4 as well as glass

ceramic and SiC.

- Electrolytic deposition of a single oxide (A1 2 03) and

co-deposition of two oxides (Al203+ZrO2 ) from aqueous

ionic soltions.

- Theoretical analysis of particle penetration into pores

The interest in the depositAon of low-expansion ceramics stems

from the intention to apply electrophoretic deposition for the

coverage and impregnation of carbon-carbon composites with

appropriate ceramic materials so as to prevent its oxidation

at elevated temperatures. A1 2 TiOs and HfTi0 4  are

characterized by low thermal expansion coefficients similar to

that of carbon-carbon . Therefore, their use as coating

materials may provide the neccessary compatibility with the
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substrate from the point of view of thermal expansion.

However, it is known that the expansion of these materials is

anisotropic and therefore microcracking of the coating takes

place upon sintering. It has been realized for some time that

the complicated problem of carbon-carbon protection will have

to be solved by the application of several different coatings.

It was thus considered of great importance to study sequential

electrophoretic deposition of another ceramic material such as

Si3N4 on the Al 2 TiOs as a remedy of the detrimental effect of

microcracking.

The above mentioned studies were performed on the basis of the

conclusions from the previous basic experimental and

theoretical studies of the deposition of colloidal S10 2 .

The electrolytic deposition of ZrO2 , studied in the previous

year, was now extended to its codeposition with another

oxide-Al 2 03. Thus the deposition of A1 2 0 3  only was first

studied and then the feasibility of co-deposition was

demonstrated. The effect of deposition parameters on the

kinetics, morphology and composition of the coatings was

studied.

The penetration of particles into a porous substrate assuming

it consists of pores which are closcd at the far end was

analyzed theoretically (an open interconnected porous

structure was considered previously).

EXPERIMENTAL

The electrophoretic and electrolytic depoqition was carried

out on porous graphite substrates (UCAR grade 45, 48% volume

porosity average pore size 60 it). Initial experiments with

C-C were performed on a 2-D composite supplied by the USAF.

AI2 TiO 5 , prepared at the Israel Ceramics Institute, had a 5%

BaCO3 addition and an average particle size of 1.4 u. The

HfTiO4 was acquired from Cerae Corp. and had originally an

average size of 70 u.
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Si 3 N 4 particles were in the range of 0.5-1.0 u and that of

SiC>40 u. Suspensions of the ceramic particles were prepared

in isopropanol, water and mixtures of the two solvents.

Particle concentrations were 30, 100 and 250 g/l. the electric

field was in the range of 5-300 V/cm and deposition t.mes were

30 sec-6 0 min.

The amount of impregnated material was determined by weight

change after removal of the external deposit.

The multilayer deposition was carried out by immersion of the

substrate, coated with the first layer in the suspension of

the second material while still wet.

The composition and morphology of the multilayer deposits were

studied on crossections obtained by cutting coated specimens

that were infiltrated with an epoxy resin and cured for 10

hrs. These studies were performed with a JEOL 840 SEM equipped

with an EDS unit.

The electrolytic deposition was carried out from solutions of

0.02-0.2M AI(NO,), with and without 0.01-0.05M ZrO(NO3 ) 2 .

The deposition was done at constant current with c.d.'s in the

range of 15-60 mA/cm2 and deposition times of 20 sec - 40 min.

Some deposits were heat-treated at 1200"C for 1 hr. Morphology

and microanalysis were studied in the JEOL 840 SEM and phase

content with an x-ray diffractometer Phillips Model PW-1730.

SUMMARY OF RESULTS

In contrast to the SiO 2 particles deposited in previous

studies it was found that both Al 2 TiOs and HfTiO4 .deposit on

the cathode both from water and ipropanol suspensions. The

positive charge on the particles indicates a high isoelectric

point since the pH of these suspensions was determined as 8.1



in water and 6.2 in propanol. As in the previous study of

SiO2 deposition, it was found that penetration of AITiO5 into

the porous substrate is higher in water than in ipropanol.

However, the addition of x20% ipropanol to the water lead to a

maximal penetration probably due to better wetting of the

graphite as demonstrated in simple wetting experiments. About

6% of substrate weight of Al 2 TiO5 were induced into the pores

at 100 V/cm, 30 g/l after 60 min. The surface deposition,

however, is both higher and morphologically better in propanol

due to a lower fraction of penetrated material and lower H,

formation on the cathode.

It was thus concluded that for optimal coverage and

penetration a two stage process would be employed:

impregnation from an aqueous solvent with 20% ipropanol for

relatively low duration (60 min, 75-100 V/cm) and coating in

ipropanol at higher field (200 V/cm) and shorter duration (x2

min). It was shown that impregnation increases with field

intensity and deposition time. The morphology of surface

deposits and impregnated crossections were studied.

The feasibility of subsequent deposition of two different

layers of materials with zeta potentials of the same polarity

was shown for Si 3 N4 on AITiQ5 (cathodic deposits) and SiC on

glass ceramic (anodic deposits). The deposition is carried

out by transferring the coated substrate from the first

suspension into the second to continue the deposition of the

second material. Crossections of the two layers were prepared

after impregnation of the specimens with an Epoxy resin and

its curing. Elemental analysis and Si and Ti x-ray imaqes

were performed in the SEM and the existence of the two layers

shown. However, penetration of the Si 3 N. and SiC into the

first layer was observed. The layer thicknesses obtained in

these experiments were in the range of 150-300 u.

The co-deposition of two oxides by an electrolytic process

from aqueous solutions containing salts cf both cations

Al(NOj) 3 ÷ZrO(NO3 ), was demonstrated and studied for Al 2 O3'ZrO,

deposits. Prior to that the deposition of AIO 3 was studied.
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The effect of field intensity on the penetration in the
optimal solvent is seen in Fig. 4. The penetration
increases with field intensity in the range tested
(further increase in field intensity caused excessive
beating of the suspension and was therefore not studied).
A deccelerating effect of deposition time on penetration
is seen in Fig. 5.

Figs. 6 & 7 describe the morphology of the coating and
penetration. The surface deposit of AI 2 TiOs is seen in
Fig. 6. The coverage is uniform on a macroscale with a
high degree of roughness reflecting the porous surface of
the substrate. It was found that a denser and more
uniform deposit is obtained in ipropanol at high field
intensities and short deposition times.

A crossection of a penetrated specimen obtained at optimal
penetration conditions compared with a reference untreated
specimen is seen in Fig. 7.

b) Multilayer Deposition

A schematic description of the multilayer deposition is
given in Fig. 8. A deposit of particles A is formed in
suspension A, the coated specimen is removed from the
suspension and while still wet introduced in suspension B.
A deposit of particles B is formed. A more thorough study
of this two-stage deposition process should be done in the
future. So far, two systems were deposited: Si 3 N4 on top
of Al.TiO, and SiC on a glass ceramic deposit. In each
system the zeta potential of the different materials had
the same sign, Si 2 N4 and A12 TiOs deposited both on the
cathode, while SiC and the glass ceramic migrated to the
anode. When couples of materials with opposite zeta
potential were studied, the first deposit migrated away
from the substrate when its polarity was changed so as to
deposit the next layer. Yet conditions can be envisaged
where such two-layer deposition can still be performed and
these will be studied in a future work.

Crossections of the two layer deposits are seen in Figs.
9-12. Fig. 9 shows an optical micrograph of the layer of
AlaTiO and Si2NA as well as an SEM x-ray image of Si and
Ti at a higher magnification. The overall layer thickness
is '350 um. The element Si is seen in both layers with a



much higher density in the outer layer (the Si 3 N4). Its
existence in the inner layer (the A12TiO5 ) is explained by
penetration of some Si3 N, into the initial porous
("green") Al 2 TiOQ layer. The element Ti, however, exists
as expected only in the inner layer. An interesting
feature is the "pegging" of the inner layer in the pores
of the substrate. The thickness of the SixN4 is &200 um
and that of Al 2 TiO5  t150 um. Composition graphs of the
the two layers are seen in Fig. 11 showing again the
penetration of Si into the underlying Al 2 TiOs layer.

Two anodic deposits are shown in Figs. 11, 12. An inner
glass ceramic layer (a300 u) with an elemental composition
seen in Fig. 11a and an x-ray image characterized by the
element K. An outer layer of SiC (f150 v) with traces of
Fe (from the anode). The x-ray image (Fig. 12b) shows
again the penetration of SiC (characterized by the element
Si) into the underlying layer of the glass-ceramic. The
amount of Si 3 N4 deposited on AI 2 TiOs as function of
deposition time was determined with the intention to study
the effect of the underlying AI 2 TiO, layer on the
deposition of Si3N4 (see Fig. 13). It is seen that the
existence of the underlying layer does not affect the
deposition kinetics probably due to the high porosity of
the first layer which is still in the "green
state"

CONCLUSIONS

A low expansion ceramic material-aluminium titanate (A12TiOT)
was electrophoretically deposited and penetrated into porous
graphite. The Al 2 TiOs which is positively charged deposits
on a cathodic substrate at a pH=8.1 indicating a relatively
high isoelectric point. The amount of material that
penetrated was maximal in an aqueous solution of 20%
ipropanol. This composition is an outcome of the balance
between the high E/7 ratio of water and the improved wetting
of the substrate in the presence of ipropanol.

Penetration increases with electric field intensity in the
range studied and with deposition time. For optimal coverage
and penetration a two stage process should be applied:

impregnation in a 20% ipropanol solution in water.(at 100
V/cm, 30 g/l about 6% of substrate weight of AI 2 TiOs is
penetrated after 60 min.).
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- Surface coating in ipropanol at a high field strength
(200 V/cm) and short duration ý2 min.).

At optimal penetration conditions the whole crossection of a
7 mm thick substrate of porous graphite was penetrated.

Multilayer deposition of different ceramic materials is
possible by subsequent deposition from different suspensions
of materials with zeta potential of the same polarity. This
was demonstrated by forming an inner layer of AI 2 TiOs and an
outer layer of Si 3 N. (cathodic deposits) as well as an inner
layer of a glass -eramic and an outer layer of SiC (anodic
deposits). The individual layer thicknesses were in the
range of 150-300 u.

In the range of thickness discussed, the existence of the
underlying "green" layer did not affect the kinetics of
deposition of the external layer.
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ABSTRACT

Previous electrophoretic deposition and penetration studies

were further extended to the deposition of a low expansion

ceramic material - A1 2 Ti0 5 - on porous graphite and to

multilayer deposition. It was found that the penetration of

AI 2 TiOs into the pores is higher in water than in propanol.

However, maximum penetration is obtained in a 20% mixture of

propanol in water probably due to enhanced wetting of the

graphite surface. The surface deposition is both more

efficient and morphologically better in propanol. Thus, for

optimal average and penetration a two stage process should be

employed.

The feasibility of subsequent deposition of two different

layers of materials with zeta potentials of the same polarity

was shown for deposition of SiaN4 on AI 2 TiOs (cathodic

deposits) and of SiC on a glass ceramic layer (anodic

deposits). Crossecttions of the two layers in the order of

hundreds of microns were prepared and elemental analysis and

x-ray images are shown.



INTRODUCTION

Basic principles and parameters of electrophoretic deposition
of ceramic particles in the pores of a conductive porous
substrate, were described in two pievious publications (1,2].
These reports summarized studies of deposition of colloidal

Si0 2 from aqueous and nonaqueous suspensions on porous
graphite. It was shown, experimentally 111, that penetration
is enhanced by a high ratio of dielectric constant to
viscosity of the solvent as well as by increased particle
concentration and electric field. At optimal conditions the
whole crossection of the porous graphite substrate was
penetrated and a skeleton of SiOa with the same shape and
dimensions as the original graphite specimen was obtained
after burning off of the graphite. A theoretical analysis
[2] of the penetration enables to predict the penetration
depth as function of two non-dimensional parameters, the
Peclet number (Pe) and the deposition rate (A).

Large Pe and low X enhance the penetration. In addition to
the above mentioned results the feasibility of deposition of
a variety of other oxide and non oxide ceramic materials
(fused SiO2 , SiC, SiN) was demonstrated.

The present report is an extension of these studies
concetrating on the following two aspects:

Surface deposition and penetration of a low expansion

ceramic material - A1 2TiOs - aluminium titanate on porous
graphite.

- Multilayer electrophoretic deposition which includes
deposition of two consecutive layers of different
composition: AI2TiO5 and Si 3 N4 as well as a glass ceramic
and SiC.

The interest in the low expansion ceramic and the multilayer
deposits stems from the intention to apply electrophoretic
deposition for the coverage and impregnation of carbon-carbon
composites with ceramic materials so as to prevent oxidation
at elevated temperatures. Carbon-carbon (C-C) composites are
of great interest for aerospace applications since they
exhibit excellent high-temperature mechanical stability and
low weight. However, they are characterized by a residual
porosity and low oxidation resistance in air at temperatures
above 500"C [3-5]. Another feature of these composites is
their low thermal expansion coefficient (1-3 x 10-/*C). The
ceramic protective coating should therefore be characterized
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by a low expansion coefficient so as to prevent its cracking
during use.

A1 2 0 3 -TiO 2 (Al 2TiOS) has one of the lowest thermal expansion
coefficients as seen in Fig. 1 (61. Therefore, it is a
plausible candidate for the application mentioned above.
However, the expansion of this material is anisotropic and
therefore microcracking will occur when applied as a coating
(7]. The detrimental effect of the microcracking on the
oxidation protection can be remedied by another coating
deposited on the Al 2 TiOs such as Si 3 N4 .

In addition to the practical interest described above the
study of sequential electrophoretic deposition of different
ceramic materials is of interest for understanding the
process and widening its scope. Thus another system (glass
ceramic and SiC) was also deposited.

EXPERIMENTAL PROCEDURE

The deposition and impregnation were performed on porous
graphite - UCAR grade 45 with a 48% volume porosity and an
average pore size of 60u. (The porous graphite serves as a
model material for the C-C composite). The specimens were
20x20x7 mm. rhe ceramic materials deposited were:

- A12 TiO5 prepared at the Israel Ceramics Institute with 5%
BaCO3 added for sintering enhancement. After attrition
milling the average particle size was 1.42 u.

- Si 3 N4 -0.5 V.
- SiC - 600 mesh (<40 u)
- glass ceramic, Ferro-Electronic Grade, li average size

Suspensions of the ceramic materials in water, isopropanol
and mixtures of the two solvents were prepared, followed by
wet milling for 3 hrs in a ball mill.

The graphite specimens were cleaned ultrasonically in ethanol
for 4 min and then dried at -200°C for 30 min.

Deposition was carried out at constant voltage in an
experimental set-up described in [1. The electric field was
in the range of 5-300 V/cm, the deposition time 30 sec - 60
min and particle concentration was 30, 100 and 250 gr/l.
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For quantitative determination of deposited material,
specimens were weighted after drying in air for 24 hrs to 0.1
mg. For determination of impregnated material the external
deposit was removed with a gentle brush prior to the weighing
of the specimen. The morphology and composition of the
deposit were studied by optical and electron microscopy with
a JEOL 840 SEM.
For study of crossections the coated specimens were first
impregnated with an Epofix (Struers) resin and cured for 10
hrs at room temp. Then the crossection was prepared by
cutting with a lathe at 800 rpm.

RESULTS AND DISCUSSION

a) Aluminium Titanate Deposition

Preliminary experiments of AI 2 TiO5  deposition both from
water and isopropanol showed that the particles are
deposited on the cathode as opposed to SiO2 which deposits
on the anode. The surface charge of oxides forms by the
adsorption of protons or hydroxyls to hydroxyl groups
existing on the oxide surface and which act as amphoteric
sites:

H OH-
MOH2- <- MOH -> MO- + H2 0

The surface charge, is given by:

C= e(V- - V.) where

e - electronic charge
V. - numbers of positive sites per unit area
V. - numbers of negative sites

At a pH lower than the isoelectric point (i.e.p., the
point at which the zeta potential is zero) the surface
charge is usually positive and at a higher pH the charge
is negative.

The deposition of A12 TiOs on the cathode indicates that
the particles are positively charged and that the
isoelectric point is at a relatively high pH. The pH of
the suspension of AI 2TiOs in water was measured as 8.1 and
that in ipropanol as 6.2. From literature (8) it is known
that the isoelectric point of SiO2 is at pH=2.5 and that
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of A1203  is at pH=9.1. The i.e.p. of AI2Ti0 5 is probably
similar to that of A1203 and this explains the difference
in polarity of SiO2 and AI 2 TiO5.

From previous studies [1,21 we know that particle
penetration is enhanced by higher Pe numbers:

Uxb (U' + U')xb kb
PeA= - where

D D D

U' - electrophoretic velocity

U- - electroosmotic velocity
b - mean pore radius

D - diffusion coefficient
k - local deposition rate

The electrophoretic velocity u' = E pE/4wu.
Therefore in solvents with a higher ratio of E/u the
penetration is enhanced. For water this ratio is 81/1
while for ipropanol it is 18.3/2. As expected, the amount
of Al 2 TiOn that penetrated into the porous graphite in
water is higher than that in ipropanol. However, when
mixtures of H2 0 and ipropanol are considered a maximal
penetration is obtained at a z20% concentration of
ipropanol in water (Fig. 2). Fig. 2 describes the amount
of Al 2 TiO5 (expressed in percentage of specimen weight) as
function of ipropanol concentration in H2 0 at a field
strength of 75 V/cm after 60 min in a suspension of 30 g/l
of A12 TiOs. The maximum at 20% ipropanol is explained by
better wetting of the graphite as compared to pure H20 as
was demonstrated in primitive wetting experiments
performed in different H20: ipropanol solutions. The
surface deposition, however, is both higher and
morphologically better in ipropanol. This can be
explained by the lower fraction of penetrated material as
well as by lower parallel H2 formation on the cathode
during deposition from the nonaqueous solvent.

From these experiments it may be concluded that
optimization of coverage and penetration of a porous
substrate by electrophoretic deposition, as described in
Fig. 3, should be performed in two stages. Impregnation
of the substrate in an aqueous suspension with 20%
ipropanol and coating in a suspension of ipropanol.
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The mechanism of deposition is based on the formation of OH-

by a cathodic reduction of N0: and 02 and its subsequent

reaction with A1-3 and ZrO02- to form Al(OH) 3 and Zr(OH)4.

The as-deposited coatings are amorphous and after a

heat-treatment at 1200"C for 1 hr became crystalline

exhibiting phases of *A1203 and tetragonal ZrO2 . It was shown

that the atomic ratio of AI/Zr in the deposit can be varied

by varying this ratio in the solution. The AI(OH) 3 is,

however, preferentially deposited probably due to the higher

diffusion coefficient of All- as compared to that of ZrO 2
2 -.

An improval of coating morphology and maximum thickness was

obtained by applying a pulsed current for deposition. This

effect can be explained by the creation of new nucleation

sites for deposit formation during current intermission

decreasing thus the cluster size.

During deposition of A1 2 03 the cell voltage rises steeply as a

result of the build-up of the hydroxide with a high ohmic

resistance. At a certain stage further growth of the deposit

is enabled by local breakdown of the film creating new sites

of reduction. A more gradual rise in cell voltage takes place

when A1203  and Zr0 2 are co-deposited indicating a change in

the dielectric properties of the co-deposit.

The theoretical analysis shows that deep electrophoretic

penetration (more than hundred pore diameters) can be achieved

only for small Damkohler numbers A ( A< 0.2) and for high

Peclet numbers (Pe>lO) where:

kb U. Xb

Pe =

D D

k - local deposition rate;

b - mean pore radius;

D - diffusion coefficient;



U- - electroosmotic velocity adjacint co the pore wall.

The dispersion around the mean penetration depth is large for

small Damkohler numbers and grows almost linearly with Peclet

number. Thus, an almost even spread can be achieved for the

same valLes which will bring about deep penetration. This

result is a very favorable outcome for electrophoretic coating

methods.

Comparison with the results we obtained for the open pore

structure of the substrate reveals that penetration depths for

closed pores is smaller whereas dispersion in the latter is

larger provided electroosmosis exists.
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Introduction

The present phase of the research project coicentrated on quantitative

evaluation of the ceramic particles induced into the porous substrate as a

function of deposition and solvent parameters. This evaluation was carried out

both experimentally and theoretically based on an analytical model for deep

electrophoretic penetration of particles into porous substrates. In parallel

to the electrophoretic studies, the electrolytic deposition of ceramic

coatings from aqueous solutions was studied from the electrochemical and

microstructural aspects. The four enclosed manuscripts describe in detail the

above mentioned studies. Following, therefore, is a concise description of

the studies and their results.

Experimental

The experimental studies were carried out on porous graphite substrates -

UCAR Grade 45. This substrate has a 48% volume porosity with an average pore

size of 60#. The ceramic particles deposited and induced by electrophoresis

were submicron colloidal Si0 2 (Pyrogenic Aerosil) with a specific area of 450

m2 /g. The concentrations of the cerawiL material in the solvent were 3, 13

and 30 g/l. The solvents in most experiments were water and isopropanol. For

the study of the effect of solvent properties on penetration ethanol and

pentanol were also used. The field intensity was varied between 0-300v/cm and

the deposition time between 5-120 min-.

For quantitative determination of the impregnated Si02 , the weight change

of the specimen was recorded, after removal of the external deposit. The

amount of induced Si02 was also determined, in szme cases, by weighing the

residue after burn-off of the graphite at 9000C for 20 hrs.
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The electrolytic deposition studies concentrated on the deposition of

ZrO2 from a O.lM ZrO(NO3 )2nH2 O aqueous solution. The deposits were obtained

at current densities ranging from 15-100 mA/cM2 and durations of 10-O min.

For kinetic studies the coating weights were determined with an accuracy of

0.05 mg. During deposition the variation of cell voltage, pH and temperature

of the solution were measured.

The microstructure of the Zr02 coatings was characterized by optical and

scanning electron microscopy and the phase content was determined by X-ray

diffraction. The microstructural studies were carried out on deposits that

were fired at 400, 600 and 9000C for 1 hr.

Theoretical

The theoretical analysis, at this stage, relates to a single particle

travelling in a pore described as a long circular tube of mean pore diameter.

Three driving mechanisms are considered: the hydrodynamic drag force exerted

on the particle due to the electroosmotic flow of the solvent inside the pore,

the electrophoretic force exerted on the particle and the stochastic Brownian

force due to thermal fluctuations of the solvent molecules.

Suimary of Results

In addition to the formation of surface deposits, electrophoretic

induction of ceramic particles into the porous substrate was demonstrated.

It was found that solvent properties such as the ratio between the

dielectric constant and the viscosity (c/q) have a significant effect on

penetration. Thus the amount of induced Si0 2 is ten times larger for water

(f/V ý 81) than for pentanol (c/1 = 420). Penetration increases with particle

concentration and with deposition time. However, a plateau is reached for the

dependence of induced Si02 on deposition time due to the build-up of an

external coating. Thus the extent of penetration could be enhanced if the

external deposit were constantly removed or prevented. An optimal field

strength exists for particle penetration due to its dual effect. Increase in

field strength increases the particle velocity but it also enhances the

build-up of the external deposit which blocks penetration.

The theoretical analysis enables to predict the penetration depth of a

ceramic particle inside the porous substrate unaer the influence of the

electric potential gradient. It also enabled to derive the non-dimensional
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parameters that affect the particle motion. It was thus deduced that the

parameters which affect most the particle penetration are the Peclet number

(Pe) and the deposition rate (J):

Pe itUb U' +U*)b
D ( D

kb
D

where:

U, - electrophoretic velocity

us - electroosmotic velocity

b - pore mean radius

D - diffusion coefficient

k - local deposition rate

Large Peclet numbers and small deposition rates enhance penetration. Thus,

deep penetration (over hundred pore diameters) can be achieved for very low

deposition rates (A ( 0.1) and for very high Peclet numbers (Pe > 100).

Deepest penetration is obtained for A = 0 which can be achieved if a repelling

force between particles and pore walls would exist. Electroosmosis increases

the Peclet number and thus penetration. The diffusion coefficient of the

particle has a dual effect: its decrease increases the Peclet number, but it

also increases the deposition rate. The theoretical analysis also indicates

how the penetration can be controlled by selection of solvent properties,

particle size and concentration and electric field strength.

The electrolytic deposition of Zr02 is obtained through the following

reactions:

a) dissociation of the zirconyl salt:

ZrO(NO3 ) 2 - ZrO** + 2 N03 "

b) hydrolysis of the zirconyl ion:

ZrO** + H20 - Zr(OH)2**

C) interaction of the hydrated cation with OH' ions generated at the

cathode by reduction reactions described further on:

Zr(OH) 2 ** + 20H- - Zr(OH)4

d) dehydration of the hydroxide:

Zr(OH) 4 - ZrO2 + 2H20



4

Several cathodic reactions are possible; however, the cathodic

polarization curve indicates that the reduction of N03 - is the predominant OH"

producing reaction. The rate of deposit formation increases with current

density the dependence reflecting the rate of OH- generation. Faradaic

efficiencies of 40-80% only were obtained attributable to reduction reactions

that do not produce OH" (such as reduction of H*) as well as to the formation

of the hydroxide at sites removed from the substrate. Cell voltage and

solution temperature increase as the coating process progresses. This is due

to the formation of the deposit characterized by a high clectric resistance.

The initial coating is a Zirconium hydroxide gel with an amorphous

character. Microcracks develop in the coating during drying due to tensile

stresses associated with non-uniform contraction. Firing of the coating led

to its crystallization into fine, equiaxed submicron particles of monoclinic

and tetragonal polymorphs of zirconia. Calculation of crystallite sizes by

reflection broadening, indicated them to be 2 nm after treatment at 4000C and

12 rm when fired at 6000C for 1 hr. Under these conditions the polymorphs

were undistinguishable. Firing for 1 hr at 9000C resulted in distinct

crystallites of both phases, 20-25 nm in size. The volume fractions were 15%

and 85% for the tetragonal and monoclinic phases respectively.

Future electrophoretic studies will include further optimization of

penetration by inhibition of surface deposition. One approach will be the

application of a low cathodic bias voltage to the specimen.

Following the derivation of optimal process conditions for penetration,

experiments with lower expansion ceramics such as HfTi0 4 will be performed.

Further studies on the electrolytic deposition will concentrate on

prevention of cracking of the surface deposit during drying and study and

optimization of in-pore deposition.



ELECTROLYTIC DEPOSITION OF ALUMINA AND

CODEPOSITION OF ALUMINA-ZIRCONIA
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ABSTRACT

A1203 and AI 2 03+ZrO2 coatings were deposited on graphite from

aqueous solutions containing Al(N0 3 )a and AI(NO3 ) 3 +ZrO(NO3 ) 2

salts. The probable mechanism of deposit formation is based

on the generation of OH- by cathodic reduction of N03- and O0

and its subsequent reaction with A1 3  and ZrO2  to form

AI(OH) 3 and Zr(OH) 4 . Dehydration of the latter compounds

results in the formation of A1203 and ZrO2 .

Deposition at constant current results in an increase of cell

voltage due to ohmic resistance of the deposit. After an

intial steep rise . in the voltage the slope decreases

significally in spite of further increase in deposit weight.

The latter phenomenon is explained by local breakdown of the

deposit creating sites of reduction which enable the

deposition to proceed.

The co-deposition of A12 0 3 ÷ZrO2  was demonstrated and it was

shown that the ratio of Al/Zr in the deposit varied with the

same ratio in the solution.

Deposit weight, phase content and morphology as function of

deposition parameters were studied.



INTRODUCTION

The formation of ceramic coatings by an electrolytic process

has been first demostrated by Switzer for CeO2 (1,2). The

deposition of ZrO2 from an aqueous zirconyl nitrate solution

was studied in detail from the electrochemical (3) and

microstructural aspects (4). A two-step mechanism was

suggested for the ZrO2 formation: generation of hydroxyl (OH-)

ions on the cathodic substrate by reduction of NO,- and

dissolved O and the reaction of the hydroxyl ions with the

zirconyl cation to form Zr(OH)4 which decomposes upon drying

to form ZrO2 .

Based on the above mentioned concept of oxide formation, the

deposition of other insoluble oxides and the co-deposition of

different oxides was envisaged. The present study describes

the deposition of A120 from an AI(N0 1 ) 3 solution and the

co-deposition of A 20s and ZrO2 from a solution containing

both AlcNO3)3 and ZrO(NO3 )2 . The sequence of reactions for the

co-deposition is expected to be the following:

1) Generation of OH-:

- 02 + 2H 2 0 + 4e -> 40H-

- NO" + H2O + 2e-> N02- + 20H-

2) Dissociation of the salts:

- AI(NO) 3 - A> A + 3NO+

- ZrO(NO,) 2 -> ZrO2
- + 2N03- ZrO2° + H20 -- Zr(OH) 22

3) Interaction of hydroxyls with the cations:

A1 3 - + 30H- -> AI(OH)3

Zr(OH) 2
2 ' + 20H- -> Zr(OH) 4
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4) Dehydration of the hydroxides:

2AI(OH) 3 - A 2 0 3 + 3H20

Zr(OH)4 -> Zr0 2 + 2H 2 0

The hydroxides form thus in two successive steps:

electrochemical generation of OH- and a chemical reaction

between the cations and the hydroxyls. A schematic

description of the co-deposition is given in Fig. 1.

The yield of the deposit depends on the faradeic efficiency of

OH- formation (affected by reduction reactions that do not
result in OH- formation such as H- + e -) H H + H -> H2 and

the fraction of hydroxide formed at sites removed from the

substrate. The latter parameter depends on the relative

diffusion coefficients of OH- on one hand and that of A13 - and

Zr(OH) 2
2 ÷ on the other. The ratio of A12 03 and ZrOa in the

deposit will depend on the relative diffusion coefficients of

A13 - and Zr(OH)22- cations which compete for the OH- ions

generated at the cathode, and the solubility constants (K.,)

of the two hydroxides formed. A quantitative analysis of the

kinetics of deposit formation and its composition will have to

take into account all these factors assuming that the
diffusion phenomena are the rate determing steps in the

hydroxide formation. The present paper describes the effect

of electrochemical deposition parameters on the rate,
morphology and composition of the A1203  and Al2 03 + ZrO2

deposits.

EXPERIMENTAL

Deposits were obtained on graphite specimens (UCAR45) 2 x 10 x
20 mm. They were polished with a 1000 grit SiC abrasive

paper, then rinsed with ethanol in an ultrasonic bath, washed

with distilled water and dried in air. Electrolytes were:

0.02M - 0.2M Al(NO0). with and without

0.01M - 0.05M ZrO(NO3 ) 2
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Deposition was carried out at constant current with a Horizon

Model SR-365 d.c. power supply. Two counter anodes made of Pt

14 x 28 mm were used. Cell voltages and currents were

measured with AVO meters. A schematic drawing of the

experimental set-up is seen in Fig. 2. Current densities were

varied in the range of 15-60 mA/cm2 and deposition times were

in the range of 20 sec - 40 min. Mild stirring was applied

with a magnetic stirrer during deposition. Polarization

curves were obtained with a PAR Model 270 potentiostat.

Deposits were dried in air and their weight determined within

an accuracy of 0.05 mg. Some deposits were heat treated at

1200"C for 1 hr in argon. Morphology and microanalysis were

studied with a JEOL SEM Model JSM 840. X-ray diffraction was

performed with a diffractometer Model PW-1730 operated at 40

KV and 40 mA using Cu k-alpha radiation and scanning speed of

1.2 deg/min.

RESULTS AND DISCUSSION

Cathodic polarization curves in an AI(N0 3 ) 3 solution and in a

solution of Al(NO)) 3 and ZrO(NO3 ) 2 are given in Fig. 3a,b. In

both curves a Tafel region is seen (down to -800 mV SCE in the

first and -1000 mv SCE in the second solution respectively).

A limiting current of u10 mA/cm2  is seen in both curves

setting in at the same potential of -2000 mV SCE. The

similarity in the two curves is a result of the same cathodic

reaction taking place in both systems with the limiting

current being determined by the hydroxide deposit rather than

by the concentration of the NO3- which is higher in the

combined solution.

Fig. 4 presents the variation in cell voltage with deposition

time for two current densities. At the higher c.d. (25 mA/cm2 )

the voltage increases steeply for the first 3.5 min as a
result of the build-up of the hydroxide deposit and then

levels off. Yet, as seen in Fig. 5 for the same c.d., the

weight of the deposit continues to rise slowly after 3.5 min.
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The cell voltage stability is explained by the formation of

local breakdowns in the film creating sites of reduction which

enable the deposition process to continue without further

significant increase in the cell Voltage. The slope of the

deposition curve is very high for the first 20 secs (:0.3

mg/cm2 /10sec) and then slows down to about 1/10 of that. The

change in deposits rate is explained by the fact that at the

beginning the whole susbstrate is conductive and the OH- ions

form on the entire surface. As the nonconductive deposit

covers the substrate its further build-up depends on the

availability of reduction sites created by the deposit

breakdown. The behaviour of the voltage/time curve at the

lower c.d. (20 mA/cm2) is different, a monotonic increase in

voltage takes place for the entire time interval (1G min).

The morphology of the A1 2 0, as-deposited, is seen in Figs. 6a

& b . A relatively close-packed deposit consisting of

individual clusters is seen in Fig. 6a. A very dense

structure of the individual clusters is seen in Fig. 6b. Two

kinds of defects are also seen: microcracks that formed during

the drying stage due to non-uniform contraction of the wet

coating and bubbles attributed to H2 formation as a result of

H, reduction. In preliminary studies (to be published later)

with the aim of controlling the drying rate it was shown that

the density of cracks can be reduced significantly when the

drying rate is lowered.

An attempt to overcome the formation of defects and yet to

obtain a thick deposit was made by the use of a pulsed

current. Pulses of 2 min duration at 25 cA/cm' were applied

with intermissions of 5 sec (see Fig. 7). A relatively smooth

increase in voltage up to a much higher voltage than that

reached when applying a continuous current (25V vs. 08V) was

obtained. Accordingly, the deposit was thicker and smoother.

This effect can be explained by the possibility of creation of

new nucleation sites for deposit formation during the current

intermission.

X-ray diffraction patterns of dry as-deposited coatings and

deposits fired at 1200"C for 1 hr, according to the
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recommendation of (5), are seen in Fig. 8. The as-deposited

(dried in air) coating does not show any diffraction pattern

except that of the graphite.

Crystallization of the deposit takes place during the heat

treatment with the formation of a aA1203 . The crystallite

size, as calculated with the Scherrer equation (6) from the

line broadening of the 110 reflection, assuming no strain

effects exist due to the substrate, was found to be about

1oam.

Deposition from solutions containing both AI(NO3 ) 3 and

ZrO(NO3 ) 2 was carried out at two c.d. (30 and 60 mA/cm2 at

14"C. The dependence of cell voltage on deposition time is

seen in Fig. 9. A more gradual rise in the voltage takes

place in spite of the higher c.d.s when compared with the

deposition of A1 2 0 3  only (see Fig,. 4). A possible

explanation is the difference in deposit properties as a

result of the presence of Zr(OH) 4 . From our previous work (3)

it can be inferred that the voltage reached prior to breakdown

onset is much higher for Zr(OH) 4 , at the same c.d. and so is

the deposit weight per unit area. The AI(OH)a forms probably

a denser film at lower thicknesses and thus is modified when

Zr(OH) 4 is codeposited.

The phase structure of a combined deposit was studied after

forming at 1200"C for 1 hr. The x-ray diffraction spectrum
shows the presence -of two phases: tetragonal ZrO2 and %A12 0 3

(Fig. 10). The morphology of the deposit and microanalysis

were studied in the SEM by x-ray imaging of Al and Zr and

local elemental semiquantitative analyses. Fig. 11-12 shows

the x-ray image of Al and Zr in a combined deposit along with

the spectrum and semiquantitative results of the Al and Zr

content.

The relative concentration of the A1 3 - and ZrO2 - ions in the

solution is expected to affect the deposit composition. The

latter was therefore studied (in terms of AI/Zr atomic ratios

as function of the same ratio in the solution). Fig. 12 shows
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this dependence. It is seen that the relative Al

concentrations in the deposit is much higher than in the

solution, hence the Al(OH)3 is preferentially deposited. This

can be explained by the differences in diffusion coefficients

of the two ions A1 3 and ZrO2 with the Al-3 having a higher

diffusion rate and, therefore, being more available for the

hydroxide formation.
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Deep Electrophoretic Penetration and Deposition of Ceramic
Particles Inside Impermeable Porous Substrates.

1. ABSTRACT

The electrophoretic penetration of colloidal ceramic particles into an impermeable

porous graphite substrate is investigated. The substrate is immersed in a suspension

containing the particles and positioned between two electrodes. An electric potential
gradient between the electrodes is used to drive the ceramic particles into the pores which

are closed at the far end not allowing fluid permeation. Three driving mechanisms are
identified: the hydrodynamic drag force exerted on the particles due to the electroosmotic

flow of the solvent inside the pores, the electrophoretic force exerted on the particles and

the stochastic Brownian force due to thermal fluctuations of the solvent molecules. While

subjected to these forces, the particles may reach the walls of the pore and the short range
van der Waals forces may cause their capturing and deposition onto the walls.

The objectives of this paper are: a) to predict the penetration depth of a single
ceramic particle moving inside an impermeable porous substrate under the effect of an

electric potential gradient, b) to derive the non-dimensional parameters characterizing the

motion of the ceramic particles,and c) to gain a physical insight on the various mechanisms

governing penetration.

Qualitatively, the results are that penetration depths are governed by a favorable (if
large) Peclet number and unfavorable (if large) Damkohler number. However, the closed

pore structure of the substrate causes diminished particle penetration if compared with an
open pore structure, due to a less effective electroosmotic flow. Quantitative results for the

mean penetration depths and the dispersion about the mean are also provided.
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2. BACKGROUND

Deep penetration and deposition of inert species over the interstitial surfaces of a

volatile porous substrate has been a major concern of the aero-space industry. Extremely

strong, light and sometimes porous composites (such as carbon-carbon) may undergo

undesired processes if exposed to a ligh temperature oxidizing environment. Chemical

Vapor Deposition (CVD) of inert materials (such as Silica, Silicon-Carbide etc.) onto the

walls of the pores, have been suggested in the past to protect the composites from

oxidation. Alas, CVD has proven to be extremely slow and only shallow penetration has

been detected. A rather new method to protect porous substrates by electrophoresis is

studied and described in detail in our previous papers (1-2). In essence, an electric potential

gradient is used to drive colloidal particles deep into the voids of the porous substrate.The

analytical approach described in (2) considered an open porous structure. In this paper we

focus our attention on the case where the substrate possesses small pores which are closed

at one end and are impermeable to fluids.The purpose of this paper is: a) to suggest a

theory and a mathematical model by which Deep Electrophoretic Deposition, can be

analyzed and the non-dimensional parameters governing the process be obtained, and b) to

predict the mean penetration depths and the dispersion of particles about the mean for the

given set of parameters and structure of the porous substrate.

The motion of a single particle under the effect of electrophoretic forces has first

been addressed by Smoluchowski (1918) and subsequently by many others (3-15).

Smoluchowski predicted that a rigid spherical particle possessing an electric double layer

and embedded in an unbounded flow field would be forced to move if subjected to an

electrical poiential gradient. The mobility of the particle depends linearly upon the dielectric

constant of the fluid, the potential gradient, the zeta potential of the particle and is inversely

proportional to the fluid viscosity. Wall effects were accounted for by Monison & Stukel

(1970) and Ken & Anderson (1985) for the case of a particle travelling in close proximity

to the containing boundaries of the flow field. Keh & Anderson (1985) have shown that (if

electroosmosis is disregarded) the particle would experience an increasing drag force and

reduced mobility. It was also shown, that due to the electric field, the insulating rigid walls
would induce an electroosmotic flow, its direction depending on the sign of the wall zeta
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potential. For an open permeable structure the electroosmotic flow possesses a uniform

velocity profile and a neutral particle immersed in the fluid would be dragged by the

electroosmotic flow and move with almost identical velocity. However, for an impermeable

structure though the induced electroosmotic flow still exists it is non uniform since a net

zero mass flow must be observed inside the pores.(figure 1) Thus, the colloidal particle

would be dragged by the electroosmotic flow and its motion determined by the local

electroosmotic velocity. In case the particle is also subjected to an electrophoretic force, the

particle would move locally with the combined electrophoretic and electroosmotic

velocities. Superimposition is allowed due to the linearity of the governing low Reynolds

number flow field equations. In addition, a sub-micron particle would experience an erratic
Brownian motion due to the thermal fluctuations of the fluid molecules. Consequently,

deterministic evaluation of the particle path under the combined effects of electroosmosis,

electrophoresis and Brownian motion is invalid and a stochastic approach must be adopted

(2).

The fluid motion inside a porous substrate under the effect of a pressure gradient

(known as Darcy's law) has been addressed by many investigators. To devise the micro-
pattern of the flow field, unit cell models (19-21) as well as more advanced finite elements

approaches for spatially periodic structures (22-27) were applied. An equivalent treatment

was proposed for the case of electroosmotic flow through an open porous structure (2),

namely, the flow generated under the effect of an electric potential gradient. Since, a

particle would be dragged by this interstitial electroosmotic flow, its evaluation is of

foremost significance if one desires to calculate mean penetration depths of the ceramic

particles. A general approach in which we modify Darcy's law so that it would incorporate

electroosmotic effects is addressed in a separate paper (Haber (1990)). However, for the
case of closed pores no similar treatment exists and a simple model is suggested in the

following chapter.

The second effect to be accounted for is the direct electrophoretic force exerted on a
particle travelling inside the small pores. Numerous treatments exist for the motion of a
small rigid particle at low Reynolds numbers, wall effects excluded (29) and included (29-

32). The fine structure of a porous substrate enveloping a particle was treated in various

ways, for instance, a spherical particle travelling along an infinitely long cylinder of circular

cross-section, a spherical particle embedded in a flow field which is bounded by a

spherical envelope with pre-assumed free surface (or free vorticity) boundary conditions,

and a small spherical particle moving inside a spatially-periodic lattice of pre-arranged large
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spherical particles. Notwithstanding, all of the previous models assumed no-slip boundary

conditions over the particle surface, whereas the electrophoretic force is applied via a

unique slip boundary condition. Thus, the known approaches must be rectified

accordingly.

The third effect, the random Brownian force due to the thermal fluctuations of the

fluid, was treated by two different methods in the past. The first method applies a
Lagrangian viewpoint of the problem utilizing Langevin's equation to evaluate mean

particle velocity and dispersion (33,34). The second method applies an Eulerian approach
where a Fokker-Planck equation is formulated and a moment method developed by Taylor-

Aris is utilized to derive the pertinent means (35-37). Generally, it is accepted (and for

linear cases can be proven (18)) that these methods would yield identical results and the

choice between the methods is a matter of convenience.

In the next chapter we shall address the three foregoing mechanisms where we

provide: a) a solution for the electroosmotic flow inside a long circular tube closed at the far

end and a similar solution for a simpler 2D flow between two semi-infinite plates (a model

simulating the electroosmotic flow in an impermeable porous structure), and b) a model

for the stochastic behavior of the Brownian particle under the combined effect of

electroosmosis and electrophoresis utilizing Fokker-Planck's equation.

3. METHOD OF SOLUTION

3a.Electroogmosis in Impermeable Porous Media

The flow through porous media generated by an electric potential gradient was
analytically investigated by Kozak &Davis (1986,1989) using a unit cell model and by
Haber (1990) using a simple approach baSed on the known solution of the flow field

through a long open circular tube (in close similarity to one of the approaches used to
analytically prove Darcy's law). Similar approaches for pressure driven flows were used to

determine filtration efficiencies in porous substrates (39).

Tacitly, a permeable interconnected pore structure was assumed to exist in all the

aforementioned treatise. In case the pores are not interconnected, no flow can penetrate the
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porous structure and the net flow through it must be zero. Notwithstanding, microscopic

flow can still exist inside the pores located close to the external boundaries of a substrate

subjected to an external electric potential gradient. Normally, this flow is of no particular

interest and can be totally ignored if macroscopic processes are investigated. However, if a

coating of thickness very small compared with the substrate thickness is considered such

flow is of utmost importance and may determine the penetration depth of the coating.

Consequently, the first goal would be to determine this electroosmotic flow which is

developed close to the boundaries of the substrate.

We proceed in a manner similar to the one we used in (2) and utilize a single long

cylindrical tube to model the pore structure, only here the cylinder is closed at its far end.

The governing field equations for the flow through a tube induced by an electric

potential gradient are based on Stokes' equations for low Reynolds number flows, i.e.

7V2 v = Vp V-v=O [1]

where v and p are the velocity and pressure fields and 17 stands for the viscosity of the

fluid.
The boundary conditions which the velocity field satisfies over the cylinder walls

are (17):

V,= , V,=O @ r=b [2]

where e is the dielectric constant of the fluid, ý, is the zeta potential at the cylinder wall, 0

stands for the electric potential, b is the radius of the tube and (r,z) are polar coordinates,

the z coordinate coinciding with the cylinder axis. It should be noted that the no-slip

condition can no longer be applied and in its place we use condition [2].

The general solution for v is easily derived for a fully developed flow (i.e.

dvI•dz=O.) namely,

b'- = r [3]
4 77 4,rridz
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where the constant pressure gradient is yet to be determined. The auxiliary condition which

must be used is that the net mass flow through the pore must vanish, i.e.

b

2x vrdr = 0[4
0

Combining [3] and [4] determines the pressure gradient and yields the final form of the

velocity field,

CC do
v,= ý- 2 [5]

Equation [5] represents a valid solution for a region not too close to the entrance of the pore

or its dead end.

Similarly, it is easy to show that for a 2D case, where a pore is simulated by two

flat plates 2b distant apart and closed at the far end, the velocity field is given by

, (3 - 1) [6]

We shall use equation [6] rather than. [5] in the following analysis due to the simpler

mathematical handling of a 22D problem. We believe, however, that valid qualitative and

quantitative predictions will be obtained for penetration depths of colloidal particles.in an

impermeable porous substrate. The full 3D problem based on equation [5] will be analyzed

in the future and compared with the results provided in this paper.

We shall also henceforth assume that the velocity U' of a neutral particle suspended

in the fluid depends upon its distance from the walls and equals the fluid velocity given by

[6]. Thus, its z-component is.

U = l!U(3 -Y [7]



-7-

where

41 z [8)

Thus, a particle located at close proximity to the walls will be carried deeper into

the pore due to electroosmosis while a particle located closer to the center will be retarded.

This fact is the basic difference between this case and the case presented in (2) where the

velocity field inside the pore due to electroosmosis has been shown to be uniform.

3b. Electroohoretic Motion of a Particle

The elecnrophoreric velocity U" of a small rigid spherical particle suspended in an

unbounded flow field of viscosity 77 and subjected to an external electric potential gradient
E " -VO was first obtained by Smoluchowsci,

47M

where C. is the zeta potential over the particle interface. Its z-component is given by

4n-z [10)

The basic assumptions made to derive [9] are that the Debye screening length is much

smaller than the particle dimension and that the particle translates in an unbounded flow

field.

If the particle translates at close proximity to a rigid surface, wall effects must be

accounted for (e.g. Keh and Anderson(1985)). Notwithstanding, for particle dimensions

which are more than ten times- smaller than its distance to the wall, Smoluchowski's

equation is an excellent approximation (given that no electroosmotic flow exists).

It is a well known result from the theory of low Reynolds number flows (40,41)

that a particle approaching a rigid wall (subjected, for instance, to gravity forces) will

experience a growing hydrodynamic resistance which at the limit of zero gap increases to

infinity. However, the condition of slip velocity over the particle boundaries will cause that
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resistance to grow in a slower manner up till a gap of the order of the Debye screening

length. An exact treatment of this hydrodynamically singular behavior awaits exploration.

However, over these very small distances one has to consider other surface (e.g. London-

van der Waals) forces which eventually lead to the attraction of the particle to the walls.

Thus, it seems reasonable to assume that Smoluchowski's equation can be used as a first

order approximation for the mobility of a particle over the entire range of particle radius to

wall-gap ratios.

Henceforth, we shall assume that equation [101 is applicable for the case of a single

rigid particle immersed in a fluid of viscosity .7 and bounded by the walls of a long pore

its axis pointing in the z-direction

3c The Probability Distribution for Particle Penetration Depths

3c.1 Statement of The Problem

Small sub-micron particles travelling inside the pores of a porous substrate are

strongly affected by the thermal fluctuations of the fluid molecules and experience

Brownian motion. This stochastic motion must be superimposed to the deterministic

electrophoretic motion and electroosmotic induced velocity which are primarily parallel to

the direction of the pore axis. The Brownian motion causes the particle to cross streamlines

and sample all possible transverse positions which leads to the phenomenon known as

Taylor dispersion.

Tracing down exactly the trajectory of a particle is therefore of no consequence.

What we seek is the probability distribution that a particle entering the porous substrate

would reach a given depth and not be depqsited on the walls during its erratic motion inside

the pores. In addition, the very complex and random structure of the porous substrate

makes it impossible to obtain more than a formal representation of the equations and

boundary conditions. The mathematical formulation must hinge on a simplified geometrical

model for the porous structure which would be amenable to mathematical analysis. One of

the very common approaches is to treat a single pore as a long circular tube of mean pore

diameter its axis colinear with the local superficial velocity direction. Such a model is

handicapped by the fact that no pronounced lateral dispersion of the particles across the
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porous.subso-ate is allowed. However, since only the mean longitudinal particle modor is

sought such a model is expected to provide valid results on the main parameters affecting

penetration depths. The fact that the pores are not interconnected but still of considerable

length compared with their diameter allows us to treat the motion of the particle as

unaffected &drectly by the presence of the dead end (although the existence of a closed end

affects the electroosmotic velocity which in turn affects the motion of the particle). Fig-= 1

describes the basic geometrical and kinematical parameters applicable to the problem.

E

U- b

z

Fig. c

The general differential equations governing the problem is Fokker-

Planck's equation for the probability distribution. In our case it assumes the form,

w+hV,.eJe+V,. 15(Z)S(Y- 6)8(t)

where
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J,=Up-DV.p, J,=-DVp,

D, = kTM. DY = kTM, (12]

U = U(y,') + U"(t)

Here p(y,zt / yoO) stands for the conditional probability that a particle initially

located at (yoO) reaches the infinitesimal volume around (yz) after time t. The cartesian

coordinate system (y,z) coincides with the pore midplane where y stands for the lateral

distance from the pore midplane and z is the distance measured along the pore from the

pore entrance. The symbol U stands for the deterministic part of the velocity of the particle,

composed of its electrophoretic velocity and the electroosmotic velocity of the suspending

field. It must be stressed that the interstitial flow due electroosmosis U' does not possess

the commonly agreed upon parabolic (Poiseuille) form.of velocity vanishing at the walls It
is very well approximated by the parabolic distribution shown in Figure 1 (equation [6]) for

pore diameters larger than Debye's screening length (a condition normally met). Thus, U is

a varying function with respect to the spatial coordinates. The flux Jz parallel to the axis of

the pore depend on particle convection and diffusion along the pore axis, whereas the

flux Jy arise from diffusion only. The diffusion coefficients Dz and Dy the first one

parallel and the latter perpendicular to the pore axis, depend on the absolute temperature T

of the liquid and the respective particle mobilities M, and My. This generalized Stokes-

Einstein relationship provided in [ 12] accounts for wall effects through the anisotropic

form of the me' n",, -, From the ohvsic.! point of view, it is obvious that the particle
would experience unequal hydrodynamic resistance to its motion perpendicular and parallel

to the pore axis. The mobility tensor components were approximately evaluated in Happel

and Brenner (1973). It is shown that, for particles of radius a small compared with their
distance to the wall, the moblilities M, and My are approximately equal and possess the

following form,

M. -M, - 1/(6xr/a). [131

The boundary conditions which the probability distribution p satisfies over the pore

walls are first order diffusion-reaction rate equations,
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D--•= -q @ y=±b [14]

where x" is the local deposition rate and b stands for the pore mean radius.

The left hand side of [14] represents the diffusional flux of probability towards
the pore walls whereas the right hand side represents the probability that a particle located at
close proximity to the walls would indeed be deposited. The numerical value of X depends

on particle shape and dimension, electrostatic and hydrodynamic forces and the physical

properties of the materials comprising the particles, the porous substrate and the
suspending liquid. Indeed, it is extremely difficult to obtain K from first principles. A
feasible method to attain this end would be to devise an experiment in which one would

utilize the given materials of the ceiatxic particles, porous substrate and liquid.

As for the downstream boundary condition, we assume that very far from the
entrance p vanishes.This is in agreement with the assumption of very long pores or, in

other words, that the particle is deposited on the wails long before it reaches the far end. A-

posreiorily, the solution would be used to formulate a condition for which this assumption
can be justified. In addition, we would assume that the integral of p over the walls and the
bulk of the fluid is unity for all times (this corresponds to assuming that a particle once it
entered the pore is not allowed to escape or an upstream boundary condition of zero net

flux). This last assumption can be justified if one recalls that the longitudinal dispersion is

very small for the very short times the particle stays close to the entrance. In other words,

the Brownian migration, which might cause the escape of the particle, is negligibly small
compared with the longitudinal distances the particle travels due to convection for the short

time it stays close to the entrance. Moreover, since the distribution function of p is very

sharply peaked at the beginning of the process and then travels downstream, p itself can be

assumed to approximately vanish at the entrance position.

3c.2 Analytical Solution and Results

It is very useful to state the non-dimensional parameters and time scales of the

problem before we attempt to obtain an analytical or numerical solution of [11]. It is easy to
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show that the pertinent time scale within which steady electroosmotic flow can be

established is,

o -[15]

where U. is the velocity adjacent to the walls and c is the length of the pore. This time

scale would also provide a measure for the time it would take a particle adjacent to the walls

to reach the far end of the pore due to electroosmosis.

Similarly, it can be shown from [ 11], [12] and [14] that additional three time scales

exist for the penetration process of Brownian ceramic particles into the porous substrate.

The first onerp is linked with the electrophoretic convective term of the Fokker-Planck

equation,

C
[16]

which determines the time it would take a particle to reach the end of the pore due to

electrophoretic forces.

The second time scale is related to the diffusive process, namely, the time it takes a

Brownian particle to cross streamlines and sample all radial positions inside the tube,

[b2 (171
D

The third time scale is obtained from boundary condition [ 12] and determines the

deposition rate, namely,

b [181T I -
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If we assume that the Brownian particles were introduced into the solution after

electroosmotic steady state flow has been established, (U is time independent) non-
dimensionalization of the Fokker-Planck equation and the as .ociated boundary conditions
result in three non-dimensional parameters which determine the solution completely. The
first parameter can be identified as the Peclet number of the problem,

Pe - Ub [19]
D

which determines the relative significance of the convective electroosmotic process vis-a-

vis the diffusive process. Recall that U, is defined here as the electroosmotic velocity

adjacent to the walls.

The second non-dimensional parameter is the Damkohler number which determines

the ratio between the diffusion and the deposition time scales, namely,

A r =- - [20]€'R D

Thus, large values of A mean that the deposition of particles on the walls is

governed mainly by diffusion, whereas small values of A, mean that deposition is

controlled by the local deposition rate.

The third non-dimensional parameter is the ratio between the electrophoretic and the

electroosmotic velocities which also equals the ratio between the zeta potentials

UP -

U, ',, . [211

Its value is either negative or positive.

A general analytical solution of [11] is extremely difticult to obtain since U'

depends on the lateral y-coordinate. We shall instead utilize a method devised by Aris and

Taylor which makes it possible to derive the mean penetration distance and the dispersion

about it. A detailed description of the general method is given in ( ).The reader is referred to
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the appendix in which we describe how to apply it to the foregoing problem. A summary of

the principal equations, oudine of the solution procedure and the main results are now
addressed.

Equation [11] rewritten in the 2D cartesian coordinate system (y,z) possesses the

following form

+7,D(,-- + -'-)8(t)8(z)8(y-y') [22]

where

U ='U(3 Z-1)+U,
2 h [23]

A cascade of partial differential equations can be derived from [22] all of which are

independent of z and are easier to handle. The first three are

S= D L? p° + 3()8(y- y)0 (224]

-' = 0 2 +~ [25]

0l... D ±t2 + 2 Dpo +2Upa2Up [26]
dy2

where

pA =J•pdz , p1 =Jpzdz, p.= pz? dz [27]

The associated boundary conditions are

FD p-•• = , i = 1,2,3 @ y ±b [281
dy
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The solutions for p, and P2 are required to determine the mean penetration and the
dispersion about the mean. The solution for P2 depends upon p, and it in turn depends

upon Po. The solution of [24) for Po is straightforward

P00 7-177, T) = h-X1 exp(-2_V'r) Cos( 7)cos(8,r [29)v0(•TI ~ Ir )= .•1+ sins fi, 29

where

=Y 7 b Dt[30
b b

and 8, is a solution of the following algebraic equation

8,.tan,=. [31]

which possesses an infinite number of roots. The n-th root lies in the regiun between

(n-1)7t and (n-.5)7t and approaches (n-1)n for large n's.
the solution of [25] for p, is quite lengthy and results in the thc expression

exp(-68.2)cos 8.77cosS.37 (sin26,, + 3cos28. 3sin23. +2q(l+,-Isin3.) +)
Pr2(1 +)J'sin23) 8 + 26. 433 +~1.

6 • • [exp(-8-r) - exp(-6,r)] cos 3.T s 7-c 3 mW'os 3. cos 85,.[2 + .2 + 2,. (. ++1)
.1 -t-I (8.2 _ 45.2)1( + ;,-,sin 3,.) (1+A -sin2 M 5+)

Mon

[32]
The probability of a particle depositing per unit time per unit area over the pore

walls is Vq at y=b. Thus, the mean penetration depth, for particles entering the pore at
arbitrary initial position is given by

Y=2 ICJJbJ zp(z,y,tly')I•,=bp(y*)dzdy d=

b ,[33]
2 KjAO J*r._b plp(y) dy' dr

where p(y') is the probability distribution of a particle entering the pore a: time t--O at
position y=y and the factor 2 preceding the expression accounts for deposition on the wall
at y=-b. An exact solution for the distribution would depend upon the solution for particle
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concentration outside the porus substrate adjacent to its boundaries. This solution is not

apriorily known. Instead, wc shall assume a simple uniform distribution or, in other
words, that all initial positions are equally likely.,

Substitution of [341 and [32] into [33] yields,
__z si s inin23" 3c_ s28_ 3sin28 _ s"n23.-t+

"Pb ,(I+,IAsin2 8.)' 28.2 482
"Cos052 "6,co 2 6,, [Cs + 2 + 2 ,2 , +1)]}

12XX:: (35.2 - 5.2)225.2(1 + . ,- sin2 3.) (1+ •-isin3S)

Mon

[34]

Figures 2 and 3 illustrates the dependence of the mean penetration depths upon the
Damkohler number ;, and the ratio between particle to wall zeta-potentials C, respectively.
Deep penetration is affected mainly by two parameters, the Peclet number and the
Damkohler number. The dependence upon Peclet number (either based on the

electroosmotic or the electrophoretic velocities) is shown to be linear. The dependence upon
the Damkohler number is mostly pronounced for values lower than 0.3. Small changes in
this region would be manifested in large changes in penetration depths. High values of the
Damkohler number would result in poor penetration depths. The third non-dimensional

parameter, the zeta potential ratio, is of much lesser importance. The penetration depth

increases slowly with a corresponding increase in the value of 4.

The solution of [26] for P2 is very lengthy and tedious and is based or. the solutions

for p0 and p1 given in [29] and [32]. Since we seek the dispersion about the mean

penetration distance of particles deposited over the walls, we need to evaluate the integral

Jg,=2Of_ f..-ba(z-) 2p(z,b,tlyj)p(y*)dzdy~dt=

2xb p2(y = btly')p(y')dy'drt [35]

The integration of p2 , albeit straightforward, is tedious and the final expression for cri2

possesses the following form
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where

2 -2 sin 3. cos 8.[37P, F2~ 3~(+ ).-'sin 2 3.)[7

1 _C_(sn_2 3cos28, 3sin'32
S2_ ý ý l ý ý n 23R 2ý 3 '+ 2q(1 + )71 sin 2 45)

(52(l + Xý sin2 6.)

6 .j' sin 23, 3cos23m, 3sin23M + 2q(1 + Asin2 3in)1 x
A. 3+((5, 25. 4833

-(6.2 + 8.', + 2 X 2 +22, )COS 2 8. cos 3. sin 3. [38
3.2455(452 - 52)2(o + AL-sifl 2 ,5.)(1 + A 'sin't.23) 38

and

S3 6 i g sin 236 3cos23n 3sin23,. + 2,;(l + ;L-'sn J.) x
A3 M- 3. 162 483 A

M-A

(3.2 +3.2 + 2;L2 + 22L )cos2 3.cos 3,.sin 6M +
,54353(352 _ 6M2)2(1 + V3'sin 2 83,)(1 + 7' sin 2 &

72 - cos Y3., Sin 3. COS2 3.(3.2+ 32' + 2).2 +2,1 )2_
m.35.552(452 -,6.2)4 (1 + A-' sin2 3A)(1 + ;-' sin2 3,.)2

Mon

72j j - Cos 23nCOS2S5q cos3. sinl8MX. M- . 52533 q2(452-( 32)2(452 _32.*)2X

(3.2+ 6.+2 ;2 + 2A)(3.2+.5 I+ 2;2 + 2;).39
(1+ ;L-sin 2 3)(1 + A-lsin2 8_) + ?i sin2

3q
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Figures 4 to 9 illustrate the long time dependence of the dispersion coefficient on

the Damkohler number, on the zeta potential ratio and on the Peclet number.

Figures 4 and 5 illustrate the derived numerically computed values for the

dispersion coefficient as function of the Danikohler number X, for 4 values 0.1, 1 and 10

and Peclet numbers 0.1, 1 and 10, respectively. It can clearly be observed that high values

of A cause the dispersion coefficient to decay ver fast. It means that most of the particles

would deposit on the walls very close to the pore entrance and that the spread around the

mean penetration distance is peaked. Small values of A would result in deep penetration and

a wide spread of particles (a desirable effect). For A values smaller than 0.3, the dispersion

coefficient is highly sensitive to A variations. A decrease in A by a factor of two may

result in order of magnitude changes in the dispersion coefficient. Although the trend

manifested in the figures is expected, the last mentioned result is not too obvious.

Figures 6 and 7 illustrate the values computed for the dispersion coefficient as

function of the zeta potential ratio 4, for A values 0.1, 0.5 and 1 and Peclet numbers 0.1, 1

and 10, respectively. It manifests that the square of dispersion coefficient depends

quadratically upon C. Its value increasing slowly with a corresponding increase in the zeta

potential ratio. The reason for this behavior is not too clear. It may be due to the larger
variations in the velocity profile across the pore, a fact which is known to enhance

dispersion in similar flow systems.

Figures 8 and 9 illustrate the values computed for the dispersion coefficient as
function of the Peclet number Pe for C values 0.1, 1 and 10 and I values 0.1, 0.5 and 1,

respectively. It manifests the important role of particle convection. For large Pe numbers,

the dispersion coefficient increase almost linearly The probability density drops
significantly with the Peclet number Pe thus a more even distribution of particles is

expected along the pore axis and deeper penetration is expected. In figure 5 the probability

density is directly plotted vs. the local deposition parameter A for Peclet values 0.1, 1.0

and 10 and two values of z, showing again the fast accumulation of particles near the pore

entrance for small values of Peclet number.
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4. CONCLUSIONS

Deep penetration and coating is feasible by electrophoretic methods. The figures

elucidate the fact that deep penetration (more than hundred pore diameters) can be achieved

only for small Damikohler numbers A ( X < 02 ) and for high Peclet numbers ( Pe > 10 ).

Cases in which A =0 would obviously result in the largest value for the mean penetration.

A small change in A. may cause order of magnitude changes in penetration depths.

Introduction of a repelling force between the particles and the pore walls, stronger than van

der Waals forces, may achieve this desired effect.

The dispersion around the mean penetration depth is large for small Damkohler

numbers and grows almost linearly with Peclet number. Thus, an almost even spread can

be achieved for the same values which will bring about deep penetration. This result is a

very favorable outcome for electrophoretic coating methods.

An increase in the ratio C between the electrophoretic velocity of the particle and the

electroosmotic velocity near the wall will cause only a mild increase in penetration depth

and dispersion coefficient. Indeed, this parameter plays only a secondary role in the deep

electrophoretic coating process It is, however, preferable to increase the electrophoretic

rather than the electroosmotic velocity.

Comparison with the results we obtained for the open pore structure of the substrate

reveals that penetration depths for closed pores is smaller whereas dispersion in the latter is

larger provided electroosmosis exists.

Validity of the analysis relies on the fact that particles do not reach the dead end

position in the pore. Thus, the pore must be longer than the sum of the mean penetration

distance and three times th& the value of the dispersion coefficient (this will account for

more than 95% of the particles depositing on the walls prior to reaching the dead end).
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The diffusion coefficient of the colloidal particles has a dual effect: 1) decreasing

diffusion coefficient causes increasing Peclet number which has a favorable effect on

penetration depth.2) decreasing diffusion coefficient causes increasing deposition rate

which has an unfavorable effect on penetration depth.

The process can be controlled by a judicious selection of particle size and

concentration, solution properties, electric field intensity and its time protocol.
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Figure Ca otions

figure 1: The definition of the coordinate system and the geometrical model for particle

penetration.
figure 2: Mean penetration depth vs. The Danrkohler number.

figure 3: Mean penetration depth vs. The ratio between electrophoretic and electroosmotic
velocities (or particle to wall zeta potentials).

figure 4: The standard deviation vs. The Damkohler number (particle to wall zeta potential

ratio is used as a parameter).

figure 5: The standard deviation vs. The Damkohler number (The Peclet number is used as
a parameter).

figure 6: The standard deviation vs. The zeta potential ratio (The Damkohler number is used

as a parameter).
figure 7: The standard deviation vs. The zeta potential ratio (The Peclet number is used as a

parameter).

figure 8: The standard deviation vs. The Peclet number (The zeta potential ratio is used as a

parameter).
figure 9: The standard deviation vs. The Peclet number (The Damkohler number is used as

a parameter).
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Deep Electrophoretic Penetration and Deposition of Ceramic
Particles inside Porous Substrates

I. Analytical Model

S. Haber and L Gal-Or

Department of Mechanical Engineering and Institue of MetaLs,
Technion-Israel Institute of Technology, Haifa 32000, Israel

ABSTRACT

Tae electrophoretic penetration of colloidal silica particles into a carbon-carbon porous substrate is investigated. The
carbon substrate is immersed in a solution containing the particles and positioned between two electrodes. An electric po-
tential gradient between the electrodes is used to drive the solute (silica particles) into the pores. Three dnving mechan-
isms are identified: the hydrodynamic drag force exerted on the particles due to the electroosmotic flow of the solvent in-
side the pores, the electrophoretic force exerted on the particles, and the stochastic Brownian force due to thermal
fluctuations of the solvent molecules. While subjected to these forces, the particles may reach the walls of the pore and the
short range van der Waals forces may cause their capturing and deposition onto the walls. The objectives of this paper are
to predict the penetration depth of a single ceramic particle moving inside a porous substrate under the effect of an elec-
trc potential gradient, to derive the nondimensional parameters characterzng the motion of the ceramic particles, and to
gain a physical insight on the various mechanisms governing penetration. Qualitatively, the results are that penetration
depths are governed by a favorable (if large) Peclet number and unfavorable (if large) Damk6hler number. Quantitative
results are also provided.

Deep penetration and deposition of inert species over tuations of the fluid molecules. Consequently, determurus-
the interstitial surfaces of a volatile porous substrate has tic evaluation of the particle path under the combined
been a major concern of the aero-space industry. Ex- effects of electroosmosis, electrophoresis. and Brownian
tremely strong, light, and sometimes porous composites motion is invalid and a probabalistic approach must be
(such as carbon-carbon) may undergo undesired processes adopted (18).
if exzposed to a high temperature oxidizing environment. The fluid motion inside a porous substrate under the ef-
Chemical vapor deposition (CVD) of inert materials (such feet of a pressure gradient (known as Darcy's law) has been
as silica, silicon-carbide, etc.) onto the walls of the pores, addressed by many investigators. To derive the micro-pat-
have been suggested in the past (1-2) to protect the corn- tern of the flow field, unit cell models (19-21) as well as
posites from burning or deterioration. Alas, CVD has more advanced finite elements approaches for spatially pe-
proven to be extremely slow and only shallow penetration nodic structures (22-27) were applied. However, no equiva-
has been detected. A new method to protect porous sub- lent treatment exrsts for the case of electroosmotic flow
strates by electrophoresis is carried out and described in through a porous structure. namely, the flow generated
detail in Part IL In essence, an electric potential gradient is under the effect of an electric potential gradient Since a
used to drive colloidal particles deep into the voids of the particle would be dragged by this interstitial electroos-
porous substrate. The purpose of this paper (Part I) is to motic flow, its evaluation is of foremost significance if one
provide an overview of the existing theory and mathemati- desires to calculate mean penetration deptl's of the ce-
cal models closely related to deep electrophoretic deposi- ramic particles. A general approach in which Darcy's law
tion (DED), to suggest a theory and a mathematical model is modified so that it would incorporate electroosmotic ef-
by which DED can be analyzed and the nondimensional fects is addressed by us (28) and by others (29).
parameters governing the process be obtained, and to pre- The second effect to be accounted for is the direct elec-
dict penetration depths for the given set of parameters. trophoretic force exerted on a particle traveling inside the

The motion of a single particle under the effect of elec- small pores. Numerous treatments exist for the low Rey-
trophoretic forces has first been addressed by Smolu- nolds number motion of small rigid uncharged particles
chowski (1918) and subsequently by many others (3-15). (30), charged particles (17), wall effects excluded (30). and
Smoluchowski predicted that a rigid spherical particle included (30-33). The fine structure of a porous substrate
possessing an electric double layer and embedded in an enveloping a particle was treated in various ways, for in-
unbounded flow field would be forced to move if subjected stance, a spherical particle traveling along an infinitely
to an electrical potential gradient. The mobility of the par. long cylinder of circular cross section, a spherical particle
ticle depends linearly upon the dielectric constant of the embedded in a flow field which is bounded by a spherical
fluid, the potential gradient, the zeta potential of the parti- envelope with preassuimed stress-free (or vorticity-free)
cle, and is inversely proportional to the fluid viscosity, boundary conditions, and a small spherical particle mov-
Wall effects were accounted for by (16) and (17) for the case ing inside a spatially-periodic lattice of prearranged large
of a particle traveling in close proximity to the containing sphencal particles. Notwithstanding, all of the previous
boundaries of the flow field. Keh and Anderson (17) have models assumed the no-slip boundary conditions wkich
shown that if electroosmosis is disregarded the particle are correct for an uncharged particle surface, whereas the
would experience an increasing drag force and reduced electrophoretic force is applied via a unique slip boundary
mobility. It was also shown that, due to the electric field., condition. Thus, the known approaches must be altered to
the insulating rigid walls would induce an electroosinotic handle this new set of boundary conditions (17).
flow, its direction depending on the sign of the wall zeta The third effect, the random Brownian force due to the
potential Thus, a neutral particle immersed in the fluid thermal fluctuations of the fluid, has been treated by two
would be dragged by the electroosmotic flow and move different methods in the past. The first method applies a
with almost identical velocity. In case the particle is also Lagrangian viewpoint of the problem utilizing Langevin's
subjected to an electrophoretic force, the particle would equation to evaluate mean particle velocity and dispersion
move with the combined electrophoretic and electroos- (34, 35). The second method applies an Eulerian approach
motic velocities. Superposition is allowed due to the Un. where a Fokker-Planck equation is formulated and a mo-
earity of the governing low Reynolds number flow field ment method developed by Taylor.Aris is utiized to de-
equations. In addition, a submicron particle would experi- rive the pertinent means (36-38). Generally, it is accepted
ence an erratic Brownian mo.ion due to the thermal flue- (and for linear cases can be proven (18i) that these methods
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would yield identical results and the choice between the ,-mus "==
methods is a matter of convenience.

In the next section we shall address the three foregoing
mechanisms where we provide a short recapitulation of E
the basic equations governing electroosmotic flow m po-
rous structures derived elsewhere (28). a model for the mo- cIr=C

tion of a particle in a long cylindrical tube under the effect
of an electric field, (a model simulating the motion of a par-
ticle in a porous structure), and a model for the stochastic
behavior of the Brownian particle under the combined ef- q
fect of electroosmosis and electrophoresis utilizing Fok-
ker-Planck's equation.

Method of Solution
Electroosmosis in porous media.-The flow through por-

ous media generated by an electric potential gradient was
analytically investigated in (39) using a cell model and by Fig. 1. A slab of porous substmte of thickness c.
(28) using a simple approach based on the known solution
of the flow field through a long circular tube (in close simi.
larity to one of the approaches used to analytically prove proximation for the mobility of a particle over the entire
Darcy's law). Similar approaches for pressure driven flows range of particle-wall gaps.
were used to determine filtration efficiencies in porous Henceforth, we shall assume that Eq. (2j is applicable for
substrates (40). For the sake of completeness we provide i the case of a single rigid particle immersed in a fluid of vis-
the Appendix a short recapitulation of the basic assump- cosity -q and bounded by the walls of a long tube.
tions and results presented in (28), a paper which was re-
cently submitted for publication. We shall follow its sym- The probability distribution for particle penetration

bol definition and use its main result (Eq. (A-10) to depths.-Stamen tof the problem.-Small subrrucron par-

evaluate the electroosmotic velocity developed inside a ticles traveling inside the pores of a porous substrate (see
porous slab. Fig. 1) are strongly affected by the thermal fluctuations of

Assume the very simple case of an infinite slab of thick- the fluid molecules and experience Browruan motion. This
ness c, which is subjected to an electric potential drop stochastic motion must be superimposed to the deternin-

4- 61i and a zero pressure gradient (along, say, the z direc- istic electrophoretic motion and electroosmotic induced
tion). The steady-state solutions of Eq. (A-10) for the elec- velocity which are primarily parallel to the direction of the

tric potential inside the slab 6 and the interstitial velocity v pore axis. The Brownian motion causes the particle to

are simply cross streamlines and sample all possible transverse posi-
tions which leads to the phenomenon known as Taylor dis-

S+ (4 - 1 )z/c, v = U'-(4• -ý)lc k (1] persion.

Tracing down exactly the trajectory of a particle is there-
where q. is the ectroosmotic permeability defined [n fore of no consequence. What we seek is the probability
Eq. e o v t u distribution that a particle entering the porous substrate

Thus, the electroosmotic velocity through the slab is uri- would reach a given depth and not be deposited on the
form and constant. We adopt the symbol U' for the velocity walls during its erratic mo*ion inside the pores. In addi-
solution of this simple case and shall apply it later in the tion, the very complex and random structure of the porous
paper. substrate makes it impossible to obtain more than a formal

Electropho-etic motion of a particle.-The electro- representation of the equations and boundary conditions-
phoretic velocity Ur of a small rigid spherical particle sus- The mathematical formulation must hinge on a simplified
pended in an unbounded flow field of viscosity -q and sub- geometrical model for the porous structure whuch would

jected to an external electric potential gradient E = -V6 be amenable to mathematical analysis. One of the very

was first obtained by Smoluchowski common approaches is to treat a single pore as a long cir-
cular tube of mean pore diameter, its axis colinear with the

- P 2 loca) superficial velocity direction. Such a model is h:"idi-
U" - - V2] capped by the fact that no pronounced lateral dispersion

4=nI of the particles across the porous substrate is alowed.
However. since only the mean longitudinal particle motion

where t is the zeta potential over the particle interface and is sought, such a model is expected to provide valid results
s is the dielectric constant of the fluid. The basic assump- on the main parameters affecting penetration depths. Fig-
tions made to derive Eq. [2) are that the Debye screening ure 2 describes the basic geometrical and kinemaucal pa-
length is much smaller than the particle dimension and rameters appbcable to the problem.
that the particle translates in an unbounded flow field. The general differential equations goverming the prob-

If the particle translates at close proximity to a rigid sur- lem is Fokker-Planck's equation for the probability dism-
face, wall effects must be accounted for (17). Notwith- bution. In our case it assumes the form
standing, for particle dimensions which are more than ten
times smaller than its distance to the wall Smolu- ap
chowski's equation is an excellent approximation (if no - + V, J, + 1Z, J, + To J.
electroosmotic flow exists). at

It is a well known result from the theory of low Reynolds
number flows (41,42) that a particle approaching a rigid I - ro*( - 60 6(t) [3]
wall (subjected. for instance, to gravity forcec) will expert ro
ence a growing hydrodynarmc resistance which at the
limit of zero gap increases to infinity. However, the condi- where
tion of slip velocity over the particle boundaries will cause
that resistance to grow in a slower rranner up till a gap of J,= Up - D,V,p, J, = -D,V,p, J. =D~rp
the order of the Debye screening length- An exact treat-
ment of this hydrodynamically singular behavior awaits D, = kTM, D, kTM, Do = kTM, [41
exploration. However, over these very small distances one U = U'(t + 17(t)
has to consider other surface forces (e.g. London-van der
Waals) which eventually lead to the attraction of the parti. Here p(r. z, e. L'r,0 0. O) stands for the conditional proba-
cle to the walls. Thus. it seems reasonable to assume that bility that a particle initially located at (r, 0. no) reacnes the
Smoluchowski's equation can be used as a first .rder ap- infinitesimal volume around (r. z, o)a fer time . The potar
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tegral of p over the wails and the bulk of the fluid is unity
for all times (thUs corresponds to assuming that a particle

u.Urou- b once it entered the pore is not allowed to escape). This con-
_____ dition which is normally applied for Lagrangian formula-

tion of the problem, is also used here. It replaces the tradi-
___ _ z tional Danckwerts' (43, 44) upstream boundary condition

-'-I//• which is normally applied for an Eulerna representation
of a similar problem. It can be justified if one recalls that
the longitudinal dispersion is very small for the very short
times the particle stays close to the entrance. In other
words, the Brownian migration, which might cause the es-
cape of the particle, is negligibly small compared with the
longitudinal distances the particle travels due to convec-

Fmg. Zf The definition ottie co<idiate system ad the geometrcl ion during the short times it stays close to the entrance.model for part~ice penetraton.
Analyitical solution and results-It is very useful to state
the nondimensional parameters and time scales of the

coordinate system (r, :, 8) coincides with the pore axis preblem before-we attempt to obtain an analytical or nu-
where r stands for the radial distance from the pore axis, z mencal solution of Eq. [3]. It is easy to show from Eq. (1)
is the distance measured along the pore axis from the pore that the perti nent time scale within wrich steady electro-
entrance, and 0 is the amuthal angle. The symbol U osmotic flow can be established is
stands for the deterministic part of the velocity of the par-
zicle, composed of its electrophoretic velocity and the elec. c [72
troosmotic velocity of the suspending field. It must be TE
stressed that the interstitial flow due electroosmosis U*
does not possess the commonly agreed upon parabolic where E is the externally applied electric field.
(Poiseuille) form (29). It is very well approximated by plug Similarly, it can be shown from Eq. (3], (4], and (6] that
flow (as shown in Fig. 2) for pore diameters_ larger than De- three time scales exist for the penetration process of
bye's screening length (a condition normally met). Thus. U Brownian ceramic particles into the porous substrate. The
is a uniform function with respect to the spatial coordi- first time scale is linked with the convective term of the
netes as long as the particle diameter is at least ten times Fokker-Planck equation, namely
smaller than the pore diameter. The flux J, parallel to the
axis of the pore depend on particle convection and diffu- c
sion along the pore axis. whereas the fluxes J, and J. arise [8]
from diffusion only. The diffusion coefficients D,, D, and U
Do, the first one parallel and the latter perpendicular to the which determines the time it would take the particle to
pore axis, depend on the absolute temperature T of the liq- cross the porous slab.
uid and the respective particle mobilities M,, M, and M,. The second time scale is related to the d ive process,
This generalized Stokes-Einstein relationship provided Thelsecond time scales arelate to hross
Eq. [41 accounts for wail effects through the anisoatropic saeamlynes and sample all radiBl posions preide the tube
form of the mobility tensor. From the physical point of
view, it is obvious that the particle would experience un- b.
equal hydrodynarnic resistance to its motion perpendicu- -- [9]
lar and parallel to the pore axis. The mobility tensor com- D
ponents were approximately evaluated in (30). It is shown
that, for particles of radius a small compared to their dis- The third time scale is obtained from boundary condi-
tance to the wail, the mobilities M, M. and M, are approxi- tion (6] and determines the deposition rate, namely
mately equal and possess the following form b

M, - M, - Me - I0(6"ra) [5] i'i - [10]
K

The boundary condition which must be satisfied by the
probability distribution p is If we assume that the Brownian particles were mtr'o-

duced into the solution after electroosmotic s•eady state
flow has been established. (U is time independent) non-

-D - = cp at r =b [6] dimensionalization of the Fokker-Planck equation and the
0i associated boundary conditions results in two nondimen-

sional parameters which determine the soiuton corn-
where K is the local deposition rate and b stands for the pletely. Tbe first parameter can be idenified as the Peclet
pore mean radius. number ofthe problem

The left hand side of[6] represents the diffusional flux of
probability towards the pore walls whereas the right hand Ub (U" + L-)b
side represents the probability that a particle located at Pe = - -= [11]
close proximity to the wails would indeed be deposited. D D
The numerical value of x depends on particle shape and di-
mension, electrostatic, and hydrodynamic forces and the which determines the relative significance of the convec-
physical properties of the materials comprising the parti- tive process vis-a-vis the diffusive process.
cles. the porous substrate, and the suspending liquid. In- The second nondimensional parameter, the Darmk6hler-
dec-:, it is extremeiy difficult to obtain K from first princi- number, determines the ratio between the diffusion and
ples. A feasible method to attain this end would be to the deposition time scales. namely
devise an experiment in which one would utilize the given Kb

materials of the ceramic particles, porous substrate, and - =... 12)
liquid. T D

As for the downstream boundary condition. we assume
that very far from the entrance p vanishes. This is in agree- Thus, large values of X mean that the depositiorn of parti-
ment with the assumption of very long pores or. in other cles on the cylinder walls is governed mainly by diffusion.
words, that the particle is deposited on the walls long be- whereas small values of x mean that deposition is con-
fore it reaches the far end. A-posterior, the solution would trolled by the local deposition rate.
provide the condition for which this assumption can be An analytical solution of Eq. (3] (in its nondimensional
justified. In addition, we would assume that the in- form) can readily be obtained for the case in whic!J U ivinde-
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pendent of the radial coordinate r. Since U' and UE are in-
deed devoid of radial coordinate dependence for small par-
ticle radius to pore diameter ratios, a general solution for p
can be obtained. However, the exact initial location of the *
Brownian particle is of no consequence if particles pene-
trate the pore at equally probable radial positions and
azunuthal angles. It is, therefore, reasonable to define a $ L
new nonconditional probability distribution function P
based on the conditional probability function p as follows

where we assume that P(nT 6,) Q 1/A, is the uniform proba- 1 2 4 6 0 I I I
bility distribution of finding a particle at time t - 0 at any PC
arbitrary location at the pore entrance and As = .rR- is the
cross-section area of the pore.

The expression for the probability distribution P, as de-
fined by Eq. [13] is independent of the initial anmuthal
angle So and radial position v0 and though lengthy and te-
dious manipulations are required it is easier to derive

'5N' 04-0-

(~ ~ 0.19.) e" [14]

Here O, . , -
0 2 4 6 0 I

SZ Dt PC
T b b -g (15 Fig. 4. The probability density P, rs. the eiectrophoeetic Pe"et

"nlmber.
and J0 is the Bessel function of zero order.

The a. parameters are determined by the following in.
dicialIt is interesting to note that P is independent o due to

the inherent axial symmetry of the problem.
aJI(a) - )JO(a) (16] Equations (14] and (16] can now be utilized to numeri-

cally compute more physically meaningful probabilities.
which has a countable number of roots oL (n - 1, 2 .. For example, if we are to inquire what is the probability

per unit length that a particle has deposited over the pore

0.5"

' @4
a- 04 Pe=0.I

0.1 0.2
o t)0.4 0." 0• •i 01 10 1.

0 .1

0.1

0.10,

011' O1

z/b 6A 4.4 4.60,. PA=0. ,.

Fig. 3. The probability density Pd vs. the domstrreM nodmensmeionaldist ance Zb. Fý 5. The pr•bility density Pd vs. fte ainkohler'natbe.
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walls, a very long time after it has been introduced into the 120 .
system, we simply calculate "

-[a ri.
PAC{; P. X) ff -• .,id- [Pýq-tdT [17]1

where the right hand side equality stems from boundary 0"
condition [6] It is easy to show that O sGo L 1

P4 (c; P.. X) = 4U 40 0.4

S20

0 -"

Figure 3 illustrates the numerically computed values of 2 4 6 8 10 1

P4 as a function of z for Peclet numbers I and 10 and x Pe
values 0.1, 0.5. and 1. The trend is very clear. High values of Fog 7. P"s deo (deflee W the do•irm "Ave ef 11b fo
, cause the probability density to decay very fast with z. whid the is 90% piabildhy tht the pwmete ho dwmowd ow a
This means that most of the particles would deposit on the Y le" time) v. t tro Pelet au. (t Dankair
walls very close to the pore entrance and deep penetration namber is use as a Parameter).
cannot be achieved. Figure 4 illustrates Pi as a function of
Peclet number P, for X values 0.1, 0.5, and 1 and for given and electrophoretic velocities coincide in direction. Le. 4w
pore depths (z = 0 and 1). It manifests the very important and 4, possess the same signs. The diffusion coefficient of
role of particle convection. The probability density drops the colloidal particles has a dual effect. Decreasing diffu-
significantly with the Peclet number P. thus a more even sion coefficient causes increasing Peclet number which
distribution of particles is expected along the pore axis has a favorable effect on penetration depth. Decreasing
and deeper penetration is expected. In Fig. 5 the probabil- diffusion coefficient causes increasing deposition rate
ity density is directly plotted vs. the Damkdhler number X which has an uniavorable effect on penetration depth. The
for Peclet values 0.1, 1.0, and 10 and two values of z, show- process can be controlled by a judicious selection of part.
ing again the fast accumulation of particles near the pore dce size and concentration, solution properties, electric
entrance for small values of Peclet number. field intensity and its time protocol

Figure 6 illustrates the foregoing conclusions vividly. Quantitative comparison with experimental results that
Based on the probability density Pd we can define a new we presented in Part 11 is not yet possible since only global
cumulative probability results of total mass deposition inside the pores was meas-

ured and not how mass is distributed inside the porous
P, = - Pdd [191 slab (which is the main result we presented in this paper).

Further experimental work is required to analyze this very
important feature of deep electrophoretic deposition.

which can physically be interpreted as the long time ratio which will determine its advantage over other coating pro-
between the number of particles deposited over the pore cesses. On the other hand. the total of mass deposited L
walls up to pore depth zib and the total number of particles side the porous slab depends on the rauo between the flux
introduced at z - 0 and t = 0. The figures elucidate the fact of particles depositing over the exterior surface of the slab
that deep penetration (more than hundred pore diameters) and flux of particles penetrating it. Thus. further theoreti-
can be achieved only for very low Damk6hler numbers cal work is required to determine this ratio dependence on
(X < 0.1) and for very high Peclet numbers the process parameters before comparison can be made
(Pe > 100). Cases in which X = 0 would obviously result in with the experiments conducted in Part IM
the deepest penetration. It rmght be achieved by introduc- Notwithstanding, several recommrnendations based on
ing a repelling force between the particles and the pore the theoretical results were made and found in qualitative
walls, stronger than van der Waals forces. The asymptotic agreement with experiment, e.g. the electroosmotic per-
value of the cumulative probability for large values of z is meability depends Linearly on the ratio rv• which depends
always unity, since after a long time the probability that a solely on solvent properties. Enhancement of penetration
particle has been deposited anywhere over the pore walls is predicted to occur if this ratio is high. Several liquids
is unity (the particle cannot disappear). were examined (water, isopropanol, ethanol and pentanol)

Figure 7 summarizes the foregoing results. We define the and water nossessing the highest ratio has shown the best
penetration depth as the zlb value for which P, - 0.9. In results (Fig. 9 in Part ID. A rather limited quantitative
other words, 10% of the particles would pebetrate deeper comparison with Fig. 9 in Part II can be made. We calcu.
than the value shown in the figure for a given set of param- late the ratio of SiO2 percentile of particles deposited in-
eters, the Damk6hler number X, and the Peclet number P,. side porous graphite and migrating in a certain solvent to
Obviously, the 0.9 numerical value chosen for P, is quite SiO% percentile of particles migrating in a given solvent,
arbitrary and a lower or a higher percentage could have say, water.
been chosen. The basic interpretation of the results, how-
ever. .,ould remain unaltered. It is obvious from Fig. 7 that solvent y(theory) y(expenment)
the penetration depth for a given value of X grows almost
linearly with the Peclet number (which is not at all surprus- Pentanol 0.052 0.078
ing). The slope of the curves depends strongly on X,; the Propanol 0.112 0.29
smaller the 4, value the deeper the particle penetration. Ethanol 0.283 0.42

Conclusions where

The following general conclusions can be drawn from %SiOsolventl
the foregoing analysis. Deep penetration and coating is "
feasible by electrophoretic processes. Enhanced penetra- %SiO~water)
tion is obtained for large electrophoretic Peclet numbers
and small Damk6hler numbers Electroosmosis (directly The foregoing table reveals that the trend predicted in
dependent on the electroosmotic permeability -f and thus this paper is defirutely correct and there is a fixed bias
on the sign of the wall zeta potential) increases the Peclet which can be attributed to inaccuracies in measurements
number and thus penetration only if the electroosmotic (difficulty in removing the deposit over the extehor sir-
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face of the graphite slab), variations in zeta potentials and In addition, one must satisfy mass conservation whuch
mathematical model simplifications. results in the following continuity equauon for incom-

pressible fluid
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where K-is the electric conductivity. It is interesting to

APPENDIX note that -r appears both in Eq. [A-51 and Eq. [A-8] in full
The flow through porous media generated by an electric agreement with Onsager's reciprocal rule. The exact evaiu-

potential gradient is discussed in (28) and is briefly recapi- ation of K is of no interest at the moment and will not be
tulated. addressed. Similar to Eq. [A-71 we obtain

The governing field equations for the flow through a 0 [A-9]
long circular tube induced by an electric potential gradient
are based on Stokes' equations for low Reynolds number which is simply Kirchoffs law applied to a porous
flows. iLe. medium.

V = Vp, V-v=0 [A-1] Utilizing Eq. [A-51, [A-7], [A-8], and (A-9] it is easy to show
that ob and p can be decoupled and sausfy the following

where v and p are the velocity and pressure fields and -n equations for a homogeneous medium
stands for the viscosity of the fluid. The boundary condi- V26 = V"p = 0 iA-10]
tions which the velocity field satisfies over the cylinder
walls are (17) ie., 6 and p are harmonic functions which can easily be de-

rived for a given set of boundary conditions.
f4. a6 -Equations [A-5), [A-8] and [A.10] constitute the main re-
4" - , i,, = 0 at r = b [A-2] suits of (28). REFERENCES
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Deep Electrophoretic Penetration and Deposition of Ceramic
Particles Inside Porous Substrates

I1. Experimental Model

L. Gal-Or, S. Liubovich, and S. Haber

Deparrmenv of Mechanical Engineering and Ir:•ute of Metals Technmn,
Isroel Iri=ruute of Technologyj, Haifa 32000, Israel

ABSTRACT
The objective of the present study was to experimentally evaluate the feasibility of depositing ceramic particles on thesurface of a porous substrate and inducing them into it by electrophoresis. It was demonstrated that it is possible to charge

and electrophoretically deposit both oxide (fused and colloidal SiOJ) and nonoxide (SiC and SiN) ceramics on a conduc-tive graphite substrate. It was also shown that ceramic particles are induced into porous graphite, and that under optimal _conditions the whole cross section of the specimens was penetrated. The amount of induced material was found to in-
crease with the ratio of dielectric constant to viscosiry (e-n) of the solvent, as well as with partcle concentration and fieldintensity. However. due to simultaneous buildup of an overlying deposit. penetration as a function of deposition time
reaches a plateau prior to the filling of the whole pore volume.

Electrophoretic deposition is obtained via migration of nomenon, for k <<< r, the above expression reduces to
nonconductive electrically charged particles in an electric the Smoluchowski equauon, namely
field towards one of the electrodes.

Two different charging modes are attributed to ceramic u = (E x c x Q)147
particles (1); a dissociation mode. such as the dissociation
of sllanol groups present in silica: SiOH + OH- - The eletrophoretic yeld is given by
-SiO' - H2O (negatively charged particles), and an ab-
sorption mode, such as the absorption of H' from water or V - a f u.ECSdt
from weak acids: iaAl(OH) ,- HNOi-. [AI(OH)M
-H" + x:NO (positively charged particles). where a = yield constant, c = conc. of particles. S = area of

Usually the polarity of the particles has to be determined electrode, and : = time.
experimentally, as the charge is acquired spontaneously In the equations above it is assumed that the conuibu-
on mixing the particles with the solvent. and it may be re- tion of the hydrodynainc velocity to deposition is negiigi-
versed upon addition if ionic compounds. ble; its role being confmed to mainienance of the suspen-

The surface charge, once formed, is then balanced by sion.. As for the phenomena that take place at the
ions of an opposite charge derived from the solution, and electrode. once the particles reach it. three possibilities are
thus a double layer is formed around it considered.

According to the model proposed by Stern, this double One hypothesis is that the particles undergo an electrode
layer consists of a ngid part with a linear potential gradi- reaction which neutralizes them. This, however, does not
ent. and a diffuse part with a nonlinear potential gradient account for the fact that deposits were obtained on a poly-
termed "zeta potential" (2). menc diaphragm located between two electrodes (4).

When an electric field is applied to a charged particle, the The second hypothesis states that the particles are
latter tends to migrate towards the electrode with the op brought to the electrode by a field which exerts sufficient
posite charge, Its velocity, however, is slowed down by the force to overcome their mutual repulsion, thus allowing
drag acton of the surrounding double layer, which is them to come close enough for the London-van der Waals
pulled in the opposite direction by the field. forces of atraction to predominate (5). According to the

The mobility of the particle in an unbounded fluid is de- Verwey and Overbeek (5), the miniinal field strength nec-
rived by equating the electric force with the frictional re- essary for this purpose (calculated from the energy of par-
sistance and the relaxation force, Consequently, the mobil- ticles interaction) is
ity u is given by E - 2F/13er

u -Ec4 (I + flk-r)J A third hypothesis assumes that secondary processes
where u - mobility. E = field strength, c = dielectric con- taking place at the electrode can produce ions whichstant of fluid. ; = zeta potential of particles. ,n = viscosity of coagulate the particles by discharging them, or produce
fluid, k = idouble layer tuhckness, and r - radius of par- hydroxides which polymerize and adsorb on particles.
ticle, thus holding them together (6).

flkr), which vanes between 0 and I for small and large In the previous discussion the assumption was that thevajues of kr, respecuveiy. represenLs the relaxation pne. partcle is suspended in an unoounded fiLd. W'ien eiectro-
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Fig. 1. Egg-hooed ionic cloud and fo•ces octmng on a monng partcle.-

phoresis in porous structures is considered. the presence
of rigid boundaries affects both the electric field and the
velocity of the particles. According to Anderson t7-9) the
effect of the pore wall on particle velocity is threefold: the
applied electric field exerts a force on the d.l. at the pore Fig. 3. Colloidao SiOl deposit on qrsorte.
wall if the latter is charged. Electroosmouc flow of the
fluid is thus produced. which either augments or opposes
the electropnoreuc velocity of the partcle. depending on The specimens were examined ')y optical and electron
the polarity of r. us. 4,; the pore wall distorts the eiectic microscopy both on the surface and in cross section. The
flux around the particle, thereby intensLfying the local cross sectons were obtained by fracturng the specimen
electric field so that particle velocity is augmented: and the after removal of the extenai deposit.
pore wall creates additional viscous stresses m the fluid
which slow down the particle. A more detailed analysis of Results
electrophoretic penetration is given in another report on A macroscopic view of deposits of SiC. SiN. and fused
this study (10). SiOý is seen in Fig. 2. The deposits were in a "green" state

Parameters which affect electrophoretic deposition and (unsintered). and since no special precautions nad been
penetration are zeta potential of the particles. particle size. taken. the deposits cracked during drying. The colloidal
particle concentration. dielectric constant and viscosity of SiOC formed a ransparent deposit and is therefore pre-
solvent, electric field strength, and time. sented at larger magnrication in the SER (Fig. 3). which

In this work the feasibility of electropboretic deposition shows a fluffy feather-like suostance.
of several kinds of ceramic particles was first evaluated. The presence of colloidal SiO in the pores of the grapn-
after which the effect of several deposition parameters on ite was demonstrated by examining the cross section of a
the amount of colloidal SiO: induced into the pores of the specimen by SEW (Fig. 4) and mapping the Si (Fig. 5) on
substrate was studied. the same area. Clusters of colloidal SiOt are seen inside the

cross section, the distribution of elemental Si couvuiding
Experimental Procedure with the clusters.

The deposition and impregnation experiments were car- Figure 6 shows the skeleton of SiO: which remained
ned out on porous graphite substrates. The graphite was after bum-off of the grapmte at 900C for 2 h. Presence of
UCAR Grade 45. with 48% volume porosity and an average the SiO2 in the cross section of the skeleton is seen in
pore size of 6 0u- Specimens of 20 x 20 x 7 mm were most F;g. 7.
often used. The cerarmic powders deposited were: colloidal Quantitative data of the penetrated SiO, as function of
SiOC, Pyrogeric AerosiL subrucron with a specific area of solvent properties and deposition parameters, are given in
450 me;g: ,used SiOC - l-40Ii: SiC - <40a; and Fig. 8-11. The amount of SiO, is expressed as weignt per-
SLN - 0.2 -1.Ou.. The ceramic particles were susoended in cent of the specimen.
water, isopropanol. ethanoL and pentanoL 71,e particle The amount of penetrated SiO as a function of the ratio
concentrations were 3. 13. and 30 g!l between dielectric constant and viscosity of the solvent Ls

Deposition was carried out at constant voltage, with the shown in Fig. 8 for constant field. SiOC concentration in
current decreasing with time. Electric field strength was
vaned between 5 and 150 V/cm and deposition time be-
tween 5 and 120 min.

Prior to deposition, specimens were rinsed w-th acetone
for 5 mim in an ultrasonic bath. After deposition they were
dried in air for 24 h before examinatron. For quantitative
determination of the impregnated matenal (coLloidal SiOC
only) speci.mens were weighed before and after deposition
to an accuracy of 0.1 mg. In this case the external deposit
was removed physically before weightng. As a cross-
check, the amount of SiO2 induced into the porous snuc.
ture was determined by weighlng the residue after bumn-
off of the graphite at 950"C for 20 bh

Fig. 2. "Green" depaeti of SiC, SiN, and hued SiO, (from left to Fig. 4. Colloidal SiC), cluster inside the porous qgmpfate W(v, of a
nght) an grqpiiite. Crons sectof).
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Fig. 7. Cioza section at s eimtn in Fig. 6.

gzaphite were :reparec- ny --c -ngic ie~ i
presence of SiC- ciustors in. the cross section ise'ýenceoa
both morpnoioigacai~ly =n ;,g- 3 anc :)v =crarlms -

Fig. 5. X-mu mapping ior Si art area in Fi.4 ý.~ h isr ayi ie.nsii cntevn

:-iivent. and deposition tirne. i stiong Linuence of t~he sol-
výent properties is reveajed. 10 Mi~n

The aerienoence on the fleid intensity for t-hriee diferernt
SiD, concentrations ir. water ana for two conce-n~-canons in r~i sic-,0

propa~noi is riven in Fig. 9. To eacn coneriation. Lreere
:orresponcs an. optrnai neld T-he SiO. concencranon in
-ne soiven: ailiec-z te amnoun: of penetrated SiC. for omn-
*~-.v'.s~e -denacim~ cond~iuons: --.= is seen i g.10 for aepo-
mitior. m~ water and frorn propanoi.

The effect o' deposition -,e on tne amouz-, of pene-
-nitwd SiC- is shown ir, Fig. il again for deposition ---o .

wat2er- anc -1-o= propanoL

Discussion : s . z :
The fpý,v 4_____onde ;ýrd neinoxirde cc-

.- utis o a esctcail couc ie sucstrate by eiecto-
pDores~s is demonstrated =n Fig. 1. Fig. 8, Amount or SiG, that p~enetrated mue porous grap - tmm vai o-

Camgof 2he SiO: parocies -- prooshly the coose- ou airns
ýuence o.f issociation Of siianoi groups in thle silica

--SiOH - OH- -SiO- - Hi20 ____________

The cnarge. thu-s obtiained, =s negative ana, in fac*. *-le par- Vl__i
tinies mirte towards thie anoce in the eecti-ic circt.n i0

CiA.r~ig of nono~ude ceramics taxes Miace prooabiv vna ;r
in rscr-: mcniconaruzmr. wnSiC acz:uniz a neesove .

-:-ar~e and ievosiung or. Iin anotie. a-nn SON acauir-.ng a
positive cnarige and cepositig on. te cauiooe.-- ..

T~he cranks in the coating formed aunr'ng w7rying as am-
suit of sarnKage. A st-acy:r, crirentiv unaer way to moino

-:.ngpocdue a*.Zo con-atrscon s:iesses w"!'
_jL-nized and cracrarg preveniteti.

:r. oi-der to verify t~he possinility of the induction of-e
-amac parucites irto the pores. cross sections of coated

'.4-

:,9 Amount of --erienmteo j,;.. M ~-ino-e-' ,

Fig1 6. SiG7 sikeetion ithat remains otter grqpaire buryn-orf.
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IA Penetration increases with deposition tame. but reacnes

a plateau after a period which depends on solvent concen.
propanoltration andc field strength. The fact that the plateau is

0.4 -A reac~hed before fu.ll impregniauon of the pores Ls probaoly
'0 1 due to the blockage by the external coating. Thus, the ex-

I/0 ntent of penetration could be increased if a way is founa to
Q.: prevent surface deposition

Conclusions
0. .A variety of cerarmic materials, both oxides and nonox-

o 10 :a 30 40 ides. were deposited e/ect-ophoreacally on a porous
c el graphite substrate. In addition to the formation of surface

deposits. electrophoretc induction of ceramic particles
Fig. 10. Amount of peneftraed SiO as a function of its concentration into the porous substrate was demonstrated.

in tie so vent. Quantitative studies of the amount of penetrated mate-
rial -s a function of deposition pararreters were carried out
for colloidal SiO.. It was shown that penetration is en-

ation of pore size. The distribution oi elemental Si coin- h.,nced by a high dielectric constant and low viscost'y of
cides. as expected. with cluster locations, the solvent by particle concentration, and by fild

A most interesting result was obtained during quantita- strength. Due to simultaneous buildup of an eternai de.
tive determination of the impregnated SiO,. It was found posit, a plateau is reached in the extent of penetration as a
that in specimens in which the induced SiOl was at the function of urme. prior to the filling of the whole pore voi-
higher levels (such as 0.6-2.5%) a SiO2 skeleton of the same ume. PrevE.tion or inhibition of surface deposition would
shape and dimensions as the original specimen remained ff-vor an increased extent of penetration.
after removal of the graphite. Moreover, the presence of
the SiO throughout the cross section of the skeleton mdi- Acknowledgment
cates impregnation of the whole cross section of the Research sponsored by the Air Force Office of Scientific
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Electrolytic ZrO2 Coatings
I. EJectrochemicol Aspects

L. Go�-Or, I. Silberrnon, and R. Chaim

:s�ae� �r.s:tn.re of Metou cn� &enaruinest: o�Mc.iertou .�np:nee-tr;. ecr.nton-. z-ae� �r.r::ti�ze �

*-ia:rc. 2000. !srae�

..�BST�ACT

ZrO� coatings were degos:ted on graoh.zte and titanium from an anueous solution cased or. a water-so:.zcie c.:scr.
two-steO me:
zuc:ior. namsrn is suggested for tne 1A\� �ormauor.: generation a: nvaroxvi iOflS OH a: ne catnoct: s�cs�'ate o'NC; aria dissoived O�. and trier. reaction of trie hvdroxv: ions wi:n zr:on�': tons � -cm trie nyaroxioc ZnOHI.,. wnccn in turn oecornposes on o.rying to yieid �rconia us-u-.. r aracaic e:nctenc:±s of 2�07�

�'ere louric.. atkidUtaoie to redurion reactions ti�at ao not orocuce nvcroxv± ions. at weL as to Iorrriatior. of ze nvcrcxine
sites removed from trie catnobi: suostrate cue to diffusion of the nvdroxvi iont. The effects Ci cumen: nensity. . an�

�v c.rocvnarnic conditions or. crating weign:. cell voltage. temperature, and pH of :rie solution were studied.

Ce.-amic coatings are currentiy of much interest for ap- assuming a concentration rifE 'g.Tuter of C:'
iicatior.s in nirh-:em�erature anc. severely corrosive en- � - _ - - -. :.�. . - . -

�onments. A variety of metnods are avaliaole for their - _ ____ = �' '�"

roduction. including plasma spraying (1. ZX chemical .e� ..O5OVYi&�
-aPor de�osx:ion (CVD) and spu�er:ng V2. and sol-gel pro- �atp8�= 2.3)
esses (3-3).
r ormation of ceramic coatings by elec�'ochemical (vi) reduction of the NO: ions

neans is a relatively new techruaue and has been de-
�ribed by Switzer (6.7) in a�ouscatxon to svntnesis of ce- N0 - H5 0 �- Ze NO: - 2 OH- = 0.010 V
arnie films and powders. It presents several advantages = C.99 V NHE
wer alternative coating technicues: trie tb.ickriess and
norphojogy of the deposit can oc controlled dv tne elec- (At a 0.IM concentration of nitrate: the concentration of
.rochemical parameters: rejativeir un±iorm aeposits are NO; is assumed to be halS of that of OH' denveo from trie
iotacnaole on complex snaoes: trie deoosiuon rate is PZ� of the soiution.)
ugher than for most otner methods, and the equiomnent �5 (vii) reduction of ii�O
if low cost (8. Oxtdes and hvaroxides (6-lC were depos-
ted oi- a redox change reaction induced or. trie anone. r or- 2H�O - _ - - _ OH- -u323 V N9�
ration of a ceramic oxide ttirougn cathodic reactions was U40
temonstratec only recently by Switzer wttn CeO- and
�O: coatings (6. Th. The anocic reacuon wni:n occurs s:ntii.aneous:v :�

in the present work. deoosition of zircortia 2r0-) from
an aqueous solution of zarconyl nt�are �ZrO(NO 1i2J was E�O :2 0- - 21{ - 2e
�tudaed. The seauence of reactions leading to oxide forrna- Thus. the hydroxide may form L� twO succes�ive s:e:s:
uon is expectec. to tie tue foLowin.. eiec:rocnemcal generatton of OH> sri: a creni:ca. :cac-

iii dissoctation of the zircon'-t salt :1 tion betwee� tue latter and tne zircor.y cations. ..ne cres-

Zr0(NO 1)� - 7rO� - 2NO� ent paper nescrices the effects of the eiectrocnemical ue�-
osition parameters on the formation rste of ze CrC:

(ii) hyc.rolysis of the zirconyl �Ofl coaungs.

ZrO - H�O - Zr(OE)�

(itti interaction of the hydrated cation with OH- � :xperiment�I Proceoure
generated at the catnode ov reduction reactions described The aeposits were ontainen on two w.::erent �csi.-ates.
fti.uther on prepared in the form of2 x 10 x 20mm speci.mens: po-

rous graprute (UC grace 45( and (ii) commercially cu..
Zr(OH)� - 20W - Zr(OH)4  tanaum ASTM B-265-SSTI. The grapnste speci.mens were

polishec with a 1000 grit SIC abra�ive psoer. aric trie -:
('ul dehyoration of:he hydroxide plates macnined and the . polished wsti� :a: grit ;a�er. All

2r0- 2H..O specimens were then rinsed with etnano. ut ..n ultrasonic
Zr(0H1 4  bath. zen washed with distilled water aria c.neo in atr.

The cathodic reactions that generate OH- and their The electrol te used wigs a 0.1M aoueous scii�ition of
Standard and equslior'um potentials caiculated with the Zr0(NOp� nHO. with an initial pH value of 2.3.
aid of the Nernst equation are A power suppiy, H±potrorucs 801-IA. was used, and ccli

voltage and current were measured with Ky Gineters.
(0)0. - 2H2 0 - 4e 4 OH- 4 = 0.401 V N)-[E' Polarization curves were ootaineo with a ?�R Modes 270

.010 V NI{E �otentiosat. Detiosits were ootained at current censlues
�at 25�C( n�tn� f:cm 5 to jOG m..A.cm-. aric durations c�.

:0-60 nu.z. in trio course of v.-nich tie cel. vOltage. or.
Non-ilL hvorogen eICdlrOOe aria tentoerSttlrC ot trie Solution were rnea�urea. Mci: c�-
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cathode into the bulk of the solution, so that the hydroxide thicker, and its electrical resistance increases, with the at-
formed does not accumulate on the cathode. tendant increase in both cell voltage and solution tempera-

At high c.d.'s (above 75 rnAjcm2), "strings" of gas bub- ture. The change in electric resistance is responsible in
bles were observed after a certain time. emerging from the part for the accentuated Limiting c.d.'s and the relauivei.
surface of the coated substate and demonstrating the re- high potentiaLs observed in the cathodic polarization curve
duction ofH" to H2. of the unsurred solution (Fig. 1). After a certain time. the

The faradaic efficiency is relatively low and is presented cell voltage reaches a maximum, but the deposit continues
in Fig. 5 as the actual coating weight compared with the to form while undergoing local breakdowns manifested in
theoretical weight, assuming that the eie&!;.' charge "strings" of gas bubbles. These breakdowns create sites of
served exclusively for generation of OH" ions. It was also stronger reduction currents, which in turn enable the de-
assumed that all electrosynthesized ZrO. ceposited on the posit process to continue without further increase in the
substrate. The deviation of the actual coating efficiency cell voltage. The deposit thus consists of two layers isee
from the theoretical values may be attributed due to the Fig. I in Ref. (12)]: a thin dense layer formed in the first
folowing possible phenomena: (i) Charge-transfer reac- stage ard a relatively thicker one formed in the second.
tions that do not produce OH- ions. (ii) Consumption of The morphology of the deposit is in agreement with the
OH- by H" ions present in the ongmal solution and gener- proposed mecharusm for formation of thick coatings.
ated at the anode. (iii) Undeposited Zr(OH)4 formed in the The dependence of solution temperature on deposition
bulk of the solution. time is shown in Fig. 7. at various c.d.'s. It is seen that mi-

The dependence of cell voltage on deposition time for tially (for the first 10 mnn or so). the temperature level
different c.d.'s is shown in Fig. 6. The voltage is seen to in- varies within a fairly narrow range. irrespecuve of the c.d.:
crease with c.d. for a constant deposition time. At higher but in the longer run it rises drastically-the higher the
current densities, the voltage stabilizes at shorter times. c.d.. the steeper the rise. This thermal effect is due to tne
This behavior is related to the mechanism of the coating increase in electric resistance. caused by formation of the
formation. In the initial stage of the coating process, the deposit.
cathodic substrate is conductive and OH- ions are gener- The temperature increase may affect the diffusion rate of
ated over its entire surface. Due to the porosity of the sub- OH- away from the cathode and that of Zr(OH) 2 * toward
strate, a porous coating is initially formed. As the coating it. Thus, it would be desirable to control the temperature
Process progresses, the deposit becomes denser and during the coating experiments by stirring the solution.

so 3?5

•" • • , • , I,, 4', 0

755

0 05

0o • 30 40 o0 60 0 .03.. 50•0
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Electrolytic ZrO2 Coatings
If. Microstructural Aspects
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Haifa, 32000. Israel

ABSTRACT
Zircorua coatings were formed on graphite and titanium substrates by electrodeposition. The as-deposited coatings

were amorphous and cracked during the drying stage. Sintering of the coatings on the graphite substrates caused crystai.
Lzation. with formation of a variety of mixtures of the tetragonal and monoclirac ZrO: polymorphs having nanosize crys-
tallites. Oxidation of the Ti substrate and reaction with zircoria during the heat-treatment resulted in addition to a micro-
structure resembling ceramic composite coaungs.

Cerarmc functional coatings on metallic and ceramic The deposits formed on the substrates were dried in air
substrates are currently under extensive investigations, at room temperature. Firing was carned out at 400 and
An electrochemucal route based on an electrophoretic pro- 600*C in air. and at 900C in argon for I h for the graphite
cess has been applied largely for cerarmc coatings (1-4). substrates. The coated titanium substrates were fired at
Since this technique makes use of a ceramic powder sus- 780*C for 1 h in air.
pension. the finai rmcrostructure of the coating is strongly . The microstructure and composition of the zirconia
influenced by the powder characteristics. The thin-film coatings were characterized after the different stages of
Sol-Gel technique (5) and electrolytic deposition of ce- the process, using optical and scanning electron micros-
rarmc coatings directly from an aqueous solution, de- copy (SEMW (Model JSM-840). equipped with energy-
veloped recently (6-10), enable control of coating composi- dispersive spectroscopy (EDS). The phase content and the
tion and microstructure through the chemical. elec- crystallite size were determined by x-ray diffraction (XR.D)
trocherrucal. and firing process parameters. with a diffractometer (Model PW-1820) operated at 40 kV

The present paper deals with rucrostructural evolution and 40 mA. using monochromatzed Cu k-alpha radiatuon.
of the electrolytically formed zirconia coatings on two at a scannng speed of 0.4 (degreefrnun].
types of substrates: graphite and titamum. Although from
the technological point of view these substrates were con- Results and Discussion
sidered to be equally important, their chemical reactions The as-deposited coatings appeared as a transparent vis-
with the zircorua coating are expected to differ signiu- cous fluid, especially at high current densities and long
cantly. and thus evolve various rrucrostructures within the coating durations. where thick deposits were visually oh-
fired coating. cervable. in situ microscopical observations showed de-

veiopment of cracks within the coating layer on graphite
Experimentol Procedure during the drying process. The wet deposit contained

The details of the substrate materials, chemical solution, many bubbles. During drying some of the bubbles coa-
and the eiectrocherrucal coatinrg parameters were Oe- iescedi to form larger ones. while otners were expelled
scribed in Part I of this series Il1). from tne deposit and migrated to its su.iace. The buobles
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Fig 2 SEM images of dried zirconfo coattnas on Ti sinowimc ire
"crocked-mud" mono)noioqn Thii featureiess sunsace mornotoiov is

characteristic ot thse amorphous nature a' the coating tbý At h~amer
mogn ihcotmons. no drying poois are vtstbie in coatings onTI~

cess. as discussed in Refý .: SEM onse~rva-r ov tone
coatinr cross sections nave cieariv ý:'own ThOe
build-up at the surface Doros;t:-Fi c

X-ray diffraction patterns ' *6 e' a-, as-aevos:*tec
coatinrs and o"the fired COXauocv are sn-'wr :- Fi .a ni: 4
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coatiniz lovers o'eiore :ir:ric nave Th' vpica. ~tr

Fig. i SEM images oft dried zirconia coatinas on arocinite resemisie a .
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m.1

1OW

-,n within the coating (12-25 nm) matched well with the re-
W ported particle sizes for similar calcination treatrnens

(14-28Snm) (16). the range within wnicn this poiymoz-pn

2 lo-.(egree) The zirconia coating on the Ti substrates exhibited a to.
Fig. 4. X-ray diffraction pattern of ztirconia coatinai ani Ti. (a) Ab- tally different inner mnicrostructure after fir-ing. Oxidation

sence of sharp reflections from a deposited coating indicates anit of *-he metallic titanium ouring firing resulted in the ongn-
amorphous nature. Wb Typical reflections from clpha-Ti, Ti07 (rutde- nal spaces between the cracks in the coating layer being
R), ZrG, (teiragonai-t and manoclieic-m) and varous zirconium ti. filled by the growing titaniumr oxide (Fig. 6). Microcnem-
tonotes (ZT) ore seen for coatinni sintered at 780*C for I h. ical EDS analyses of the various features of the coating

(see Table 1). and elemental mapping for Ti (Fig. 6d) con-
firned the Ti-rich nature of the polycri'stallne phase oe-

amorphous zirconia. in which a broadened amorphous- tween the zircorua islands. An appropriate x-ray diffrac-
type peakt appears around the angle 28 - 30 degrees tion pattern from this specimen ýFig. 4b) contained
(Fig, 3a and 4ai. irrespective of the substrate material. This reflections of TiC: in the form of rutile. ZrO. with the te-
finding is consistent with the relatively smooth and fea- tragonal and monocluilic phases. and additional reflection.-
tureless morphology of the as-deposited coating surfaces coincident with those of the Zr0 5Ti~O 30 , Zr,7Tis=0Ooix
(Fig. I and 2). and Zra.3TiO, 0 0.3 hexagonal phases (201. In this case at a

Firing induced a different phase evolution and morphol- firing temperature of 780*C. stable titanium oxide grows
ogy- in these substrate/coating systems as was expected. cue to oxidation of a parabolic ty~pe (21. 22). Furthermore.
and the resulting fired coatings were opaque. The micro- oxidation of Ti at this temperature occurs mainly by diffu-
structure of the coating on the graphite substrate was char- sion of Ti rather than that of oxygen through the growing
acterized by fine equiaxed submicron particles (Fig. 51. oxide layer, a circumstance which favors formation of the
These particles were identified as a mixture of tetragonal (ow-oxygen titanium zirconate phases. The volume frac
M1 and monoclinic imi poiym7orpns of zirconia (Fig. 3b). tions of the tetragonal and monoclinic phases in these
based on the 0111) and 1400ý-type reflections. The line coatings were calculated to be 37 and 6317c. and their crys-
broadening of the (111)-ty-pe reflections was used to caicu- tallite sizes 26 and 25 nm. respectively.
late the crystallite size o'f the polymorpns with the aid of Although the pH1 of the mother soiution was minen-
the Scherrer equation (12). assuming no strain effects due tianally adjusted for work in the cathodic regime. it aisoaf
to the substrates. (This assumption was based on the simi- fects the relative stability of the zirconia polymortins. In
lar line broadenings in XRD. which have resulted from the this regard. the ratio of the im; phase content after cal-
same zirconia coating before and after spallation from the cination at 400-600*C was reported (' 3) to increase at, pH
graphite suostrates.) The voiume fractions of the two values above 10 and below 6 for the zirconr' v nitrate solu-

phass ( an ml eredetrmied trouh te ~ tion from which the zarconia gel was precipitated. Again.
morph" equation as corrected by Porter and Heuer (13).

The crystallite size was found to be 2 and 12 nm for the
400 and 6001C treatments. respectively, with the poly- Table 1. EDS composition results for ceramic coating on Ti
morphs indistinguishable. By contrast. treatment at goo*C substrates.'
for 1 h in argon resulted in crystallite sizes of 25 and 20 nm
for the tetragonal and monoclinic phases. with volume Chemical comp~osimion
fractions of 15 and 85%7. re'pectively. These size data indi- 'icrostructi',ral mole percent)
cate that the SEM image (Fig. 5) represents zirconia aggre- feature Zr t: Remarics'
gates.

Firing of the zirconia coatings on grapnite substrates at Zircomia 48.0 510 P1 in
the various temperatures led only to crystallization of the .sland center 59.0 411.0 Fig. 6ie
amorpnous coating. i~ccording to the Ellinghamn diagram ~reacted regions) 65.0 1.5.0

69,0 3 1.0(14), graphite oxidizes under the present firing conditions 76.0 :4.0
to form CO gas, but no reaction with the zirconia is ex- rcua10 ^-. m
pected to occur. Formation of undoped zirconia via solu- Zisloan 3eihr-v8.0 !7 0 Fig in
tion by different techniques and crystallization of the low- ýnonreacted regions) 871.0 11D
temperature polyrnorphs of zirconia by firing at the rela- oxidized regions 9 0 el.0 P3 in
tively low temperature are well documented in the litera- between zircorua 0 0 :0. Fig tie
tire (15-17. The presence of the t polvmoron is related pon- :siands 0 0 1000
rnarily to the crystaillite size effect (18. 191. b,, wnicn the

:erenjphase may be retained metastaof,v at room tem- *Fired at 780*C fo.- I h in air.
perature. The crystallite sizes of the tetragonai phase pres- Examiplei for the anaivieo regioni
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* terize the adherence and brittleness of the composIlp
coating layer. A tYpical trace of one of these scratches is
thowni in Fig. 8; it exhibits a nigh density of microcracKs
perpendicular to the scratch direction. The presence of
these inicrocracks in the smeared region indicates nea\vv
deformation of the material by tne indentor. Moreover,
some regions of the coating near the scratch trace were de.
bonded from the substrate tFig. 9). This aebonding or.
curred by crack propagation either through the coating or
at the substrateicoat-jsg interface, In the latter case. tre
fractured surface was composed of very fine dimples. ind;.
caung some ductility at the interface.

Finally, the qualitative scratch test of the coatin.. and its
debonding behavior indicawe relatively good adhesion to
the T'i substrate. In this regard, the cnemical reactions be.
tween substrate. coating, and atmosphere oeterrnine trie
microstructural evolution within'the coating- The charac-

Fig. 8. SEM image of the scratch trace, showing high density of ini- teristic microstructure which resulted from these reac-
crocracks at the smeared regions, perpendicular to tie scratch di- tions is similar to those of transformation to, ignened zirco.
rection. nsa composites. and may be considered for design of

wear-resistant. oxidation-resistant and therrna Dam-e:
coating applications.
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CEPATER-1 - .NTRODUCTION

The piesent report summarizes the work performei in the first

stage of the project.

The final objective of this project is to develop a method for

coating and impregnation of carbon-carbon composites with

ceramic materials so as to enable their application in

oxidising atmospheres at elevated temperatures.

The basic concept of the program -s to utilize the phenomenon

of electrophoresis, which has been so far applied extensively

in biological systems, for the displacement of ceramic

particles and their deposition on the C-C substrate. The

electric conductivity of the C-C enables its functioning

as an electrode in an electric circuit in which a high

strength field is applied generating the motion of the charged

ceramic particles. Moreover, it is expected that the

high strength field will facilitate the penetration of the

fine ceramic particles into residual pores and cracks of the

substrate.

The scope of the project was later expanded so as to include a

new method of deposition, in addition to electrophoresis -

electroreduction. By this method ceramic oxides are

synthesized from an ionic aqueous solution following an

electrochemical reaction.

In the present stage most experiments were performed on a model

material for C-C-- porous graphite. The main reasons tor the

use of this model material are its more accurate

characterization and hence better reproducibility, in addition

to more ready avaiability.

As part of the general scope described above the following

objectives were put forward for this stage:
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To investigate the possibility to charge, and hence deposit

under the influence of the electric field, a number of

ceramic materials which can potentially protect C-C in

high-temperature oxidizing environments (colloidal and

fused SiO2 , SiN and SiC).

To investigate the possibility to deposit ceramic coatings

on graphite and C-C from aqueous ionic solutions by

electroreduction (the coatings studied were CeO2 , ZrO2 and

A1203).

To prove the concept that ceramic particles can be induced

into a porous substrate due to the effect of the electric

field.

To verify the possibility to obtain ceramic deposits in the

pores of a porous substrate by electroreduction of a

suitable ionic solution.
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CHAPTER 2 - LITERATURE SURVEY

2.1 ELECTROPHORETIC DEPOSITION OP CERAMIC PARTICLES

Electrohoretic deposition of ceramic coatings has two main

advantages when compared to other coating methods:

- more rigid control of coating thickness;

- better "throwing power" which enables efficient coating of

complex shapes.

As related to our specific interest a third advantage seems

attainable: the induction of the ceramic coating into the pores

of a porous substrate under the influence of the electric

field.

Electrophoretic deposition is obtained by the movement of

non-conductive bit electrically charged particles in an

electric field to one of the electrodes.

Two different charging modes are attributed to ceramic

particles (1]:

a) dissociation mode, such as the dissociation of silanol

groups present in silica:

SiOH + OH- -> 2SiO- + H2 0 (negatively charged particles)

b) adsorption mode, such as the adsorption of H- from water or

from weak acids: n AI(OH) 3 +HNO 3->[AI(OH) 3 1-,xH'+xNO-3

(positively charged particles).

The surface charge once formed is then balanced by ions of an

opposite charge derived from the solution and thus a double

layer is formed.

Usually the polarity of the particles has to be determined

experimentally because the particles acquire the charge

spontaneously when mixed with the solvent. Further, this

charge may be reversed upon addition of ionic compounds.

According to the model proposed by Stern the double layer

constitutes of a rigid part with a linear potential gradient,
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and a diffuse part with a non-linear potential gradient termed

"Zeta pqtential".

CHARGED PARTICLE

++
+ + + IONIC

+ CLOUD

+ +
+ + 0

+ + + +

+ +++

POT
ENTIAL

DISTANCE

Fig. 1: The double layer and potential gradient surrounding

a charged particle.

The Zeta potential can be determined by two main methods:

microscopic determination of the velocity of individual

particles using the Smoluchovski equation or in the Burton cell

where a pure filtrate of solvent is poured on the suspension, a

field is applied and the movement of the sharp boundary is

monitored [2].

When an electric field is applied to a charged particle it will
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move to the electrode with the opposite charge. However, the

diffuse double layer around the particle interferes with its
movement. The diffuse charge tends to move with the particle

to which it is attached but on the other hand it is influenced

by the electric field which pulls it in the opposite direction.

The particle apparently wins. It moves through the liquid with

a diffuse egg-shaped double layer surrounding it (although it

is not actually carry'ing the oppositely charged ionic

atmosphere but is rather leaving part of it behind and

rebuilding it in front as it moves along). The tendency of the

ions in the diffuse d.l. to move in the direction opposite to

the movement of the particle has an effect on the velocity. It

produces a "drag" which slows down its movement (see Fig. 2)

[3]:

DRIVING FORCE RELAXATION FORCE

RETARDING
SFORCES

(ELECTRIC) VISCOUS FORCE

L64-SHAPAe IONIJC
CLOUD

Fig:. Egg-shaped ionic cloud and forces acting on a moving

particle.
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The mobility of the particle is derived by equating the
electric force with the frictional resistance and the
relaxation force. Thus the mobility U is given by:

)= EEý/4nX[l+f(kr)I where:

U - mobility

E - field strength

E - dielectric constant of fluid

- zeta potential of particles

- viscosity of fluid

K - 1/double layer thickness

r - radius of particle

f(kr) varies between 0 and 1 for small and large values of kr

respectively.

f(kr) represents the relaxation phenomenon, if k<<<r then:

The Smoluchowski equation is obtained and:

ii=(E-E- ý 414n

Values of u vary between O-20xlO-' cm/sec/iV/cm. The electro-

phoretic yield is given by:
f

y = alvECSdt where C - conc. of particles.

J S - area of electrode

t - time

In the above equations it is assumed that the contribution of
the hydrodynamic velocity to deposition can be neglected and
its importance lies in maintanence of the suspension.
What happens once the particles have reached the electrode?
Three theories exist on this subject:
One theory assumes that the particles that reach the electrode
undergo an electrode reaction which neutralizes them. This
will not explain the fact that MgO deposits are obtained on a
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polymeric diaphragm located between two electrodes (41.

The second theory states that the particles are brought to the

electrode by a field which exerts sufficient force to overcome

the repulsion between them allowing them to come close enough

for the London-Van der Waals forces of attraction to

predominate [51.

According to the Varwey & Overbeek theory [51 the minimal field

strength necessary to overcome the repulsion between particles

is calculated from the energy of interaction between particles.

The energy of repulsion between two spherical particles V. is:

V=caný~ XHO) 47eZjjVR:'- -- '•"4n (1 - X = kT

21rHn
The energy of attraction - V& is: A

Aaa if 05<a -2.45 2.17
A 12HS1

V=VR-VA if 0<p<2 1= 1
R A 1+1, 77P

a - radius of particle.

Ho - distance between surfaces of particles.

X - 1/distance of the diffuse d.l.

n - No of ions per unit volume.

A - London van der Waals const.

e - electronic charge.

S- finite time of propagation of electromagnetic waves when

particle separation is large.

S- wavelength of intrinsic electronic oscillations of e.

From these equations the field strength, E, necessary to

overcome repulsion between particles can be calculated from:

E = 2F/3EaC
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OWNCE [E KEEN POIC[S.1

Fig. Energy of interaction between charged particles as

function of distance.

A third theory presumes that secondary processes which take

place at the electrode can produce ions which coagulate the

particles by discharging them or produce hydroxides which

polymerize and adsorb on particles holding them together (61.

Parameters which affect electrophoretic deposition are the

following:

- Particle charge

- Particle size distribution

- Particle concentration

- Dielectric constant of solvent

- Deposition voltage

- Time

There is an optimum value for the dielectric constant (1).

Solvents with too low E do not posses the necessary

dissociating power to obtain a charging effect on the

particles. Yet too high E leads to high conductivity and low

deposition efficiency due to parasitic electrochemical

reactions. Thus deposition from an aqueous solution will result

in high energy losses and formation of voids due to gas

evolution. In previous studies it was found that optimal

deposition is obtained in solvents uith E:14 17]. (See Fig. 4
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for domain of E where deposition can be obtained).
ý .... I' I I

*ftm ty ~TKDJ•L
O'NO Tosi an AW

10 F @

100 • 8 , 22,*ROP ,O

PIPNK -RI W -. A-t
0 *W-ItEAIW1(

desinat .4 o;:16 24 32 40 48
nIEL-CTP C -5"-T

Fi.•q.: Dielectric constants of various solvents. Dark dots

desinatesolvents suitable for electrophoretic

deposition.

Metal oxide hydrates adsorb H° strongly from solution causing

positive charging of the colloidal units. This charge is

compensated by associated negative charges derived from anions

in the solution. The resultant dipole is responsible for the

repulsion between neighbouring units [8]. Thus for example:

Al(NO3 ) 3 +3N8 4 OH -- > Al(OH)5'÷3NH 4INO2

n AI(OH):,+X HNO3 -- > [Al(OH) 3 1. XH'+XN0 3

When silica is placed in water an electric charge develops on

it from the transfer of ions between the surface and the liquid

phase. The surface charge layer is balanced by ions of an

opposite charge in a diffuse layer on the solution side of the

interface. The two layers constitute the electric double

layer. The potential is a measure of the electrical

potential just outside the layer of adsorbed ions that

constitute the charge of the surface; the sign of • is the
sign of the surface charge.
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can be measured also by passing a solution under pressure P
through a packed bed of particles and measuring E across the

bed.

=4w rIX E/EP

- viscosity.

X - specific cond.

E - dielectric constant

Most silicas have a certain population of silanol groups

(:Si-OH) which can dissociate:

ESiOH+OH- -)> i(SiO')+HzO

Thus a negative charge forms on the surface.

Certain ions such as A13- can be adsorbed and change the sign

of the 4 potential. On top of them citrate ions can be
adsorbed to change again to-- (91.

Consecutive transformation of charge is possible such as in the

following events [101:

Silica (neg. charged) + A13 - -> positive charge +

citrate ions -> neg. charge

Various degrees of hydration are possible. Thus silica

particles prepared by precipitation in water or long ageing in
it have surfaces entirely covered with ESiOH groups. If heated

at >400"C the following happens:

£Si

2ESi-OH -> = O+H20(siloxane groups)

2 O Si /

At 1200"C only siloxane remains and hydration is slow.
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on the solvent. Therefore, the coated electrode must be

determined experimentally for each material since the particles

acquire the charge spontaneously when mixed with the solvent.

Further this charge may be reversed upon addition of ions.

2.2 ELECTROPHORESIS IN POROUS STRUCTURES

In the previous sections the assumption was made that the

particle is suspended in an infinite fluid. When

electrophoresis in porous structures is considered the presence

of rigid boundaries will affect both the electric field and the

velocity of the particles.

According to J. Anderson (11,12,131 the pore wall produces

three effects on the particle velocity:

- The applied electric field exerts a force on the d.l. of the

pore wall if the wall is charged ( I .' An electrosmotic

flow of the fluid is thus proc ted which either augments or

opposes the electrophoretic velocity of the particle

depending on the polarity of ,. vs. .

- The pore wall distorts the electric flux (current lines)

around the particle thereby intensifying the local electric

field so that the particle velocity is enhanced.

- The pore wall creates additional viscous stresses in the

fluid which retard the particle velocity.

Anderson analyzed the effect of the presence of a pore when the

particle is located in the centerline of a long pore. Particle

interaction is neglected. Two geometries are considered: a

cylindrical one X=a/R a - particle radius, (R - pore radius)

and a slit x=a/B (B - half width).

The basic equations which apply to this system are:

17-E=O (conservation of charge)

nVIV-Vp=O (Stokes eq., velocity dominated by

viscous stre-ses).

7°V=0 (conservation of mass)
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Solving these .quations one obtains:

UL=[(-1.2899X+l•8963X5 -l.0278X0 +O(Xs)x• n

for a cylinderical configuration, and:

U,=[l-0. 2 6 7 7X3+0. 3 3 8 3X-0,0402Xe÷O(Xa)$E(,pDZw)Ev
- 47M

for a slit configuration

It should be noted that the pore size effect enters first at

A,3 Therefore X has a weak effect. This is because of a fast
decay of electrical and velocity disturbances from a particle

moving in an unbounded field.

The disturbance to the electric field is given by:

Ep=.L ( ) 3[1_I - -3Ec

V =_1a 3[
1 T73 UO u (ýV - w) Ea

Both fall off with X3 .

The pore wall intensifies the electric field m..ving the

particle faster but the effect on the hydrodynamics leads to a
larger retardation, thus overall the velocity is reduced as the

pore size decreases.

In a closed system the average flow of solution through the
porous medium is zero and a macroscopic pressure gradient
develops to oppose the electroosmotic flow produced by the
electric field. The cross-section available for the particle

is ( 1 -X)l for a cylinder and (1-X) for a slit.

cylinder:
U=-•' E.[ ( 1 (2 X_72)-_(i-r)X,289X3]

"p•

slit:

U •--A E.[I÷(_-.w) (),- 2 -_... "0.p2677,']p 47M Ip I I
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Here the. electrophoretic effect comes in at 3 and is weak while
the pressure flow has a contribution dependent on and has
therefore a stronger contribution.

It is to be stressed that in the above analysis the pore walls
were considered to be non-conductive.

2.3 ELECTROCHEMICAL DEPOSITION OF CERAMIC FILMS

It has recently [141 been described in literature that it is
possible to synthesize ceramic films from water soluble ceramic
precursors by an electrochemical method. The method is based
on cathodic reduction of water or another anion as N03-, to
generate OH-. A secondary reaction between the OH- and an
appropriate metal ion present in the solution can result in
formation of the hydroxide and oxide of that metal. Thus,
Switzer (141 has synthesized CeOm in a system where the
catholyte was 1.0M cerous ammonium nitrate and the anolyte
contained 1.0M NaNO 3 . The cathodic reactions which took place
on a platinum cathode at c.d. of 50mA/cm2 were:

2H 2 O+2e -> H2+20H-E,--0.83V

N03-+H2 0+2e -> N02 -+20H- Eo = 0.01V

The mechanism of the secondary reaction is not clear yet but it
may be:

Ce 4 *÷4OH- -> Ce(OH) 4

Ce(OH) 4 -2H 20 -> CeO2

The powder deposited on the cathode was identified by X-ray
diffraction to be ceric oxide with a cubic lattice constant of
0.5409nm and a crystallite size of 7 .0nm. After ultrasonic
dispersion the material was found to have a narrow particle
size distribution with an average particle size of l.8U. The
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morphology of the ceramic film will depend mainly on the

electric-conductivity of the oxide formed. Thus highly

conductive materials can form thick dense films or powders.

It is possible to synthesize oxides by an anodic reaction.

This is based on the oxidation of a metal ion to an oxidation

state at which it undergoes hydrolysis to an hydroxide or

oxide. Switzer 1141 has deposited thallic oxide films from a

solution of a 0.5M thallous acetate in 1.OM NaOH on silicon

substrates. By similar reactions oxides of Ni, Cu, Co,Fe and

Mn were deposited by Tend and Warren 1151 while Sakai et al.

f16] have deposited a mixed Pb-Ti oxide film.

The methods described above differ from the electrophoretic

deposition of colloidal ceramic particles. However, we believe

that they can become powerful methods for coating flat and

complex shapes as well as for impregnation of porous structures

with ceramic materials.

2.4 ELECTROCHEMICAL REACTIONS IN POROUS ELECTRODES

Electrochemical reactions in porous electrodes have been

studied in two systems mainly:

in fuel cell electrodes and in electrochemical reactors used

for processes such as metal ions removal from waste water.

Two groups of electrodes exist: forced flow through and

diffusion porous electrodes. Theoretical analysis of reaction

kinetics in such systems have been performed by numerous

researchers (17,18,19,20].

One of the models used in the analysis of diffusion electrodes

is the "straight pore" model (see Fig. 5).
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Z=O' Z=i
TI= n=TJ0

r2" 
a

b

Za

PLdz b_

Fig. The straight pore model for diffusion electrodes

and the current distribution.

This model assumes that the electrode consists of a number of

identical, straight, nonintersecting, cylindrical pores running

through the entire length of a conductive matrix.

The basic assumptions in this model are that the pores are

filled with electrolyte, no potential drop exists in the solid

electrode so that potential gradients are in the solution only,

the concentration of reactants is high so that no mass transfer

limits exist.

The potential distribution in such a system is:

TI 4RT
z - qO = -F
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The current, up to point Z-I., and the total pore current -

is:

I=tanf.-3 (XC)

1 --- 2io.Z2 F
k= os-'-h Yo K=....... 2RT

22

where

io -exchange current

S- overpotentiai.

The current distribution will depend mainly on io and k -

conductivity of the solution. For i2<1O-A/cm2 and

kn1O ohw-cm-, there is no potential variation in the pore and

the current distribution is linear. If for example io:10-'A/cm2

k=O.1 ohm-1cm-r and r 2 =5X10-4cm, then 10% of the current are

generated at the first half of the pore when n=0.3V.

Flow-through porous systems have been analyzed through several
models. We shall mention the macroscopic model (18] descriLed

in Fig. 6.
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SOLUTION FLOW

TO
A

TO 8 TO C

Schematic diagram of cell assembly. A, upstream
electrode (SCE); B, counterelectrode; C, downstream referenrc
trade (SCE); D, platinum contact rod (glass-covered); E, Keli
body; F, assembly bolt; G, 0-ring seal; H, glass tube with
joint; I, porous graphite electrode irside heat-shrinkable
J, glass frit.

Fi. 6: Flow-through porous reactor.

In this model no detailed description of pore geometry is
attempted, the electrode being characterized by the void
fraction (E) and the surface per unit volume only (a). The
electrode is considered to be isotropic with the matrix
condutivity being higher than that of the filled pores so that
the potential difference is due to the solution only. The
electrolyte flows through the electrode aue to a press'are
gradient. The potential gradient (at.) and the collection
efficiecy (CE) of the cathodic reduction of metallic ions is

given by:

At high flow rates:

max U2 3

while at low flow rates:

U2/3

Rs -- = RS{ ra-m_ [IU _exp(kaULmax max

-exp( akuAL
U
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where:

a - specific interfacial area

A - cross-section of electrode

km - average mass transfer coeff.

L - length

U - volume flow rate

R. - resistance of solution filled pores L
- conductivity of electrolyte

P - pressure gradient

The process of sintering, the compatibility of substrate

coating and the evaluation of the oxidation resistance will be
discussed in a future report.
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CHAPTER 3 - METHODS AND MATERIALS

a) Substrates

Two kinds of substrates were used, a porous graphite and a

carbon-carbon composite:

- Porous Graphite UCAR Grade 45

Porosity - 48%

Average pore size - 60u

- 2D Carbon-Carbon (received from Edwards Base, no further

details available).

b) Ceramic Materials

Electrophoresis

- Colloidal SiO2 - Pyrogenic Aerosil

(submicron 460 m2 /gr)

- Fused SiO2 (1-40u)

- Glass Ceramic (borosilicate matrix with SiO2  and Zr02

crystalline phases)

(ave. size 5-6u).
- SiC (600 mesh <400)

- SiN (0.2-1.00).

Electrodeposits

CeO2 , ZrO2 , A1203 were deposited.

c) Specimens

12-25mm diameter, 5-7mm thick or 2Ox2Ox7mm.

d) Deposition parameters

Electrophoresis was carried out from suspensions of
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respective particles in non-aqueous solvents. Stirring was

applied during deposition. Deposition was carried out at

constant voltage with current varying due to deposit

formation. Electrodepositiorr was carried out from aqueous

solutions in a two-compartment system with anolyte and

catholyte of different compositions. Figs. 7 and 8 describe

the experiment set-ups.

Electrophoresis

Deposition voltage - 30-450V

Particle conc. - 3-33 g/l

Solvents - isopropanol, ethanol, hexanol

Temp. - room

Current density - 100-5 mA/cm2 (c.d. fell during experiments

due to build up of deposit).

Deposition time - for most specimens it was 2 hrs but in

cases when thick deposits formed rapidly deposition was

stopped when the c.d. fell to 5 mA/cm2 .

Counter electrodes - stainless steel.

Distance between electrodes - 18mm.

Electrodeposition

Catholytes: IM Ce (NO3 )4 1M AI(NO3 )3 1, IM ZrO(NO3 ) 2

Anolyte: IM NaNO 3

Deposition voltage: 5-40V

Current density - 10-50 mA/cm 2

Temp. - 25-55"C

Deposition time - 3-120 min

Counter electrode - Pt

Specimen preparation

Ultrasonic cleaning in acetone for 5 min prior to coating

and air drying for 24 hrs after deposition prior to

examination of deposit. In case of quantitative

determination of impregnated SiO2 the external deposit was

removed physically.
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e) Testing of deposits

Specimens were examined in the SEM for morphology. Mapping
and line scans were applied for analysis of coating. The SEM

used was Jeol T-200.

Examinations were performed- on the surface and on cross-
sections. The cross-section was obtained by breaking the
specimen after removal of the external coating with
compressed air. X-ray diffraction was made on the deposits
obtained by electro-reduction as received and in some cases

after thermal treatment. Quantitative determination of SiO2

induced into the porous structure of graphite at varying

deposition parameters was made by analyzing the SiOa residue

after burn-off of the carbon at 950'C for 20 hrs. The white

residue was treated with HNO+HF forming volatile HF3 Si.
Weight differences were determined in both stages.

f) Electroosmotic flow

This effect was studied on graphite specimens that were

cleaned and weighed prior to immersion in isopropanol and
water for defined intervals with and without an electric

field (50V/cm). The specimens were weighed again after
immersion. On basis of weight gain, dimensions and
percentage of porosity, the percentage of filled pores was
calculated.
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I- Power supply
2- Am meter
3- Voltmeter
4- Solution
S- Teflon cover (+ (-) (+)
6- Thermostat
7- hlolder

10- Specimen11I- Screw 2"

12- Stirrer
14- Cell

6

5L "

F 7 Experimental set-up for electrophoresis.
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VAlmeter

Electrochemical :ell:
anodic F* cathodic
compartments

Fiig. : Experimental set-up for electrodeposition.
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CHAPTER-4 - RESULTS

4.1 Electrophoretic deposits

4.1.1 Surface morphology

The surface morphology of the "green" deposits, both on

graphite and C-C specimens, was examined by optical and

electron microscopy. Figs 9-13 represent the macroscopic view

of the various deposits excluding colloidal SiO2 which resulted

in a transparent coating. The surface view of the SiOz deposit

is seen in SEM micrographs (Figs. 14,15) including a x-ray

mapping (Fig. 16).

4.1.2 Morphology and composition of cross-sections

In order to verify the possibility of induction of ceramic

particles into the porous substrate cross-sections of coated

specimens of graphite and in a few cases of C-C, were prepared

(following removal of external coatingi and studied in the SEM.

At this stage, the study concentrated on the colloidal SiO2

deposit (Figs. 24-44) with only initial examinations of the

SiC, SiN and fused SiO2 (Figs. 17-23). For the colloidal SiO2 ,

the cross-sections of specimens obtained under varying

deposition parameters were examined at locations differing in

distance from surface so as to study the "in depth" distribu-

tion of SiO2 . However, only two locations are shown here, one

close to the surface (about 0.5mm from surface and termed
"edge") and one in the middle of the cross-section (3.5mm from

edge termed "center") (see Figs. 29-44). For specimens 8 & 9

no center photo is shown since there was no SiO2 found. Prior

to the systematic study; the existence of SiO2  in the

cross-section was established without specific notice of the

distance from surface (Figs. 24-28). The deposition parameters

for the 7olloidal SiO2 specimen seen in Figs. 29-44 are

described in Table 1 . For reference a cross-section of an

uncoated graphite specimen was examined also (Fig. 44).
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Fig. 9: Glass ceramic on graphite (electrophoresis).

* In

Fi.g10: SiC, SiN and fused SiO2 on graphite (electro-

phoresia).



26

Fig. 11: SiC on C-C composite (left perpendicular direction

to fiber cloth, right parallel to cloth) -

electrophoresis.

Fig. 12: Fused SiO2 on C-C composite (left perpendicular.

right parallel) - electrophoresis.
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Fig. 13 SiN on C-C composite -electrophoresis.

Fig. 14 Colloidal SiO 2 on graphite (electrophoresis).
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Fig. 15: as in Fig. 14 but another specimen.

Fig. 16: X-ray mapping of Si on area seen in Fig. 13.
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Table 1: Deposition parameters for specimens examined

in the SEM (Figs. 29-44) (Deposition time - 2 hrs).

I I I
Specimen Solvent jSiO concen. J Deposition

No. I (g/l) I Voltage (V)l

1 Isopropanoll 13 30

2 " 150
3 Lf '15O
4 " I 300
5* ""300

6 Ethanol 3 30

7 "150

8 ""300
9 ""450

10 Pentanol " 30

11 150

12 ""300
13 ... 450

14 1Isopropanoll 3 g/l SiX 30

15 Blank---

Exposure ti solvent for 5 min prior to deposition.

Fig. 17: Cross-section of graphite specimen coated with

fused SiO2 . (Morphology + x-ray mapping of Si).
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Fig. : Cross-section of graphite specimen coated

with SiC.

Fig. 19: X-ray mapping of Si on area seen in Fig. 18.
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Fig. 20: SiC particle in C-C section.
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Fig. 22: SiN particle in C-C composite section.
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Fi. -23: EOS spectrum' of particle seen 
in F~ig. 22.
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100 25 2014

Fi'- 24: Cross-section of graphite specimen coated with

colloidal SiO2.

ig. 25: X-ray mapping for Si on area seen in Fig. 24.
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Fig. 6 : X-ray m;wpping for Si on another area seen of
cross-section.
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Fig. 2 As in Fig. 24.

Fig. 28: Line scan for Si along the line seen in Fig. 27.



38

• edge

center

Fig. Cross-section of specimen No. 1 -

Si mapping.
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edge

Fig 31 : Cross-section of specimen No. 2 -

Sil applq-
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Fig. 31:Cross-section of specimen No. 3-

Si mapping.
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Fig, 32: Cross-sectlon of specimen No. 4 -

Sl mappinq .



Fla. 33: Cross-section of specimen No. 3 -

Si mapplng•.
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F1. 34: Cross-section Cf specimen No. b -

Si mapping.
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,-ge

Cor, ter

Fig. 35: Cross-section of specimen No. 7 -

Si mapping.
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Fig. 3: Cross-section of specimen No. S -

Si mapping.

Fiý . `7: .-ro,:nect " :;[i'(Ž lien 'o. -

1i mapp inq.
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Eiq. Th: Cro ss-sectilon of specimen No. 10 -

Si napping.
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Fig.2~2 ~cssci of rspecimen No. '-I-

Si rmapplflq.
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Fig 4: ro;s-~section (-)kl spec;.Tnen No.

S - naDP " nq.
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edge

center

Fig. 41: Cross-section of specimen No. 13-

Si mapping.
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edge

Fiq- 43: Cr~oss-sectiton of specimen No. 14

Si mapping.
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edge

Fig. 44: Cross-section of uncoated specimen -

Si mapping.
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4.1.3 The electroosmotic effect

According to J. Anderson 1111 when a porous medium is brought

in contact with a solvent an applied electric field will cause

an electroosmotic flow of the solvent into the pores provided

the pore walls are charged. To verify the existence of this

effect the following experiments were carried out:

Specimens of porous graphite (20x20x7mm) were immersed in

distilled water (pH=5.5) and in isopropanol. The weight gain

as function of immersion time with and without the existence of

an electric field (50V/cm) was determined. Based on pore volume

and solvent density the percentage of pores filled was

determined (see Table 2 and Fig. 45 next page).

4.1.4 Electrophoretic impregnation of a porous substrate with

ceramic particles

The amount of colloidal SiO2 induced into porous graphite at

varying deposition parameters was determined. The

determination was performed by analyzing quantitatively the

amount of SiO2 in the specimen after physical removal of the

external coating and graphite layer. The analytical method is

described in chapter 3. The amount of SiO2 was expressed in

weight percents as related to the graphite specimen. A blank

specimen (uncoated) was tested too and a background value of

0.03% was found. Table 3 describes the deposition parameters

and results obtained. From these results the dependence of

degree of impregnation on deposition voltage, particle

concentration and type of solvent was offered and presented in

Figs. 46-48.
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Fig. 4: Percentage pores volume filled as function

of exposure time.
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Table 3: Weight percentage of SiO2 in graphite specimens as

determined by chemical analysis. (Deposition time -

2 hrs).

Specimen I Solvent I Concen.lDepositionl %SiO2

No. I 1 Sio2  voltage I
I I g/l I (V)

I I

1 Isopropanol 3 30 0.16

2 "I" 150 0.23

3 ""300 0.26

4 " " 450 0.18

5 13 30 0.35

6 . 150 0.18

7 " " 300 0.30

8 " I 450 0.11

9* " 150 10.61 (wet

1 milling)

10 30 30 0.4

11** " 13 30 0.68

12 IPentanol 3 30 0.1

13 "100 0.1

14 150 0.2

15 j 200 0.1

16 " 13 150 0.1

17 IHexanol 3 1 150 0.07

Blank I 0.03
I II
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4.1.5 Morphology of it.duced SiO2

A most interesting phenomenon was observed during the

quantitative determination of the SiO2  induced in porous
graphite. As mentioned before, the first stage in the

determination is the removal of the graphite by its oxidation
at 950"C. In specimens with a higher content of SiO2 (0.68%),

after the carbon volatilizat.on a skeleton of SiO2 in the exact

form and volume of the original graphite specimen was seen (see

Figs. 49,50).

4.1.6 Relevant solvent properties

Two solvent properties relavant to electrophoretic deposition

are presented in Table 4 based on data from literature. In
addition the viscosity of two SiO2 suspensions in isopropanol
and one in pentanol were measured using an Epprecht Rheomat 15

instrument. Measurements of sheer stress as dependent on sheer
rate were performed on suspensions which have been stirred for

30 min.

Table 4: solvent properties (at 25*C)

Solvent I Dielectric ISiO2  I Viscosity

I I Constant conc. J (Cp) I
I I g/l I

fEthanol 24.3 - 1.04
fIsopro- I I
jpanol 1 18.3 - j 2

I - 13 4.37

" - 30 5.74

IPentanoll 13.9 - 3.31

"II - 13 f 5.21

IHexanol 13.3 - I -
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Fig. 49: Induced SiO2 skeleton remaining after porous
graphite volatilization (0.68% SiO2) specimen in

Table 3.

Fiq. 50: Cross-section of skeleton seen in Fig. 49.
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4.2 Electrodeposition of ceramic films

Three types of oxides (CeO 2 1 ZrO2 and A12 0) were deposited

from aqueous solutions containing Ce(NO3 )4 , AI(NO3 ) 3  and

ZrO(NO3) 2 respectively through an electrochemical reaction.

The deposits were formed both on graphite and on C-C specimens

which functioned as cathodes in an electrochemical cell.

4.2.1 CeO2 deposition

The CeO2 was deposited from a catholyte of IM Ce(NO3 )4 with an

initial pH of 2.2. The anolyte, separated by a glass frit, was

IM NaNO 3 . The graphite and C-C specimens were cleaned with

acetone and then kept in the solution for 20 min in an

ultrasonic bath to facilitate penetration of the soluticn into

pores. Surface deposits were obtained at 20V (initial c.d. of

30mA/cm2 ) at 30"C for 10 min. In impregnation experiments the

voltage and c.d. were lowered (5V, 5 mA/cm2 ) and the

temperature raised to 55*C. The experiment d ration was

prolonged too to 30 min. The surface deposit was examined with

the SEM and also by X-ray diffraction. Fig. 51 shows the

deposit on C-C specimen, while Figs. 52, 53 show the deposit on

graphite as seen in the SEM and by mapping of Ce. The results

of X-ray diffraction of the deposit and the diffraction of a

known CeO2 powder are given in Table 5.

The formation of CeO2 deposits inside the matrix of a C-C

specimen is shown in Figs. 54-56.
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Fig. CeO2 on C-C composite (electrodeposition).

Fig. 5: CeO2 on graphite (electrodeposition).
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Fig. 53: X-ray mapping of Ce on area seen in Fig. 52.
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Table 5: X-ray diffraction characteristic of CeO2

X-ray diffraction characteris. ic of Ce coating

Peak Artle. Tip wi.dth Peak Back-, D spac i!..' :x: Type Sicr.
r,o (deg) (deg) (ctls) (cts) (Art-) % A2 0O

1 28.7000 0.60 i739. 96. 3.1030 100.00 x 7. 2-
.1325 C (I. GO 576.- 100. 2.6993 33.12

3 47 . 5 8075 0.G0 140G. 62. i.9093 30.67 -. 7

4 56.4075 1..20 (%35. 19. 1.G299 3.52 4.90
S 59.G50 0.60 396. 0. 1.5693 21.64 2, I.51

6 69.5300 0.60 166. 30. i.3509 9.57 !.GG
7 76.6475 0.60 751. 37. 1.2422 4..17
8 -79.2000 0.40 681. *0. i1..205 39.17 i9.05

9 83.6000 0.40 824. 29. 1.1029. 47.37 1.86
10 95.6000 0.40 7G7. 23. 1.0298 44.1 X

X-ray diffraction characteristic: of CeO 2 powder,

e ak An.qle Tip width Pe.ik .ackh9 1, spac 7/Ina: Type
n o " (deq.) (deq -I) (cts) ( Ars! t, n (%) A! A210 t

------ -----------------------------------------------------

1- 28.3800 1.20 912. 250. 3.1423 100.00 X

2 -3.7775 1.00 15. 9. 2.7301 17.13
3 47.2"100 1.20 713. 243. 1.9237 78.A6 X

4 56.0175 1.40 449. 204. 1.6403 49.28 X

5 69.1525 .20 86. 77. 1 .357 4 SP49

6G 75 .8500 1 20 -? 2. 88.. .2533 22.11 v

7 858.4075 1.40 67. 166. .i0 a 7.37

a 94.8450 2.00 76. 131. .1 04G 8 30 v

9 10'6.4325 1.20 61. 62. 0.9618 6.627

:10 113.6350 2.00 -110. 137. 0.9204 12.09. 'X

1i 116.2000 0.40 45 21 0.9073 4.92 5

jig._4: CeO particles in C-C composite section.



66

Fig. 55: Like Fig. 54.

Fig. 56: X-ray mapping of Ce on area seen in Fig. 55.
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4.2.2 ZrO2 .deposition

The ZrO2  deposit was obtained from a solution of IM

ZrO(NO 3 ) 2 "4H 20 in the cathodic section and an anolyte of

IM NaNO 3 . The deposit was obtained on a graphite cathode with

a platinum foil acting as the anode. The deposition was

performed at a constant c.d. of 25 mA/cm 2 (nominal) which

corresponded to a voltage of 5V. The initial pH of the solution
was i.I. Deposition time was 60 min. At the end of the

experiment a thin white deposit was evenly distributed on the

surface of the graphite. Fig. 57 shows the surface deposit,

while Fig. 58 shows the x-ray mapping Gf Zr on the same area.

At a smaller magnification relatively large crystals are seen

(see Fig. 59) in some locations. A cross-section through the

coated specimen was prepared (by cutting with a diamond saw)

and is seen at 2 magnifications in Fig. 60. Microanalysis of
the deposit was performed in locations of smaller and larger

crystallytes and the results, corresponding to the atomic ratio
in ZrO2  are shown in Figs. 61. X-ray diffraction of the

deposit as received indicates an amorphic structure. Further

experiments at higher c.ds. and duration showed the possibility

to obtain heavy and thick deposits. Calcination experiments

are underway and they indicate a crystallization process of the

deposit (detailed results will be reported at a later stage).

Fig. 57: ZrO2 on graphite (electrodeposition).
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AI

Fig. 58: X-ray mapping of Zr on area seen in Fig. 57.

4.2.3 A1203 deposition

The possibility to obtain thin white aluminum oxide deposits on

graphite was demonstrated in experiments performed with

IMAl(NO3 ) 2 as catholyte and IM NaNO 3 as anolyte at a c.d. of

50mA/cm2 corresponding to 30V for 15 min. Initial pH=2.6.

Fig. 62 shows a general view of the deposit on graphite

specimen and Figs. 63.64 show a microscopic view and a x-ray

mapping of Al of the same deposit.
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Fig. ZrO2 on graphite.

Fig. 6: Cross-section through ZrO2 deposit.
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Fig. 61: Microanalysis of ZrO2 deposit.
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Fig. 62: A120_ on graphite (electrodeposition).

Fig. 63: A12 0 graphite (electrodeposition).
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Fi.64: X-ray mapping of Al on area seen in Fig. 63.
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CHAPTER 5 - DISCUSSION OF RESULTS

SurfaCe deposits of all the ceramic materials studied (colloidal

and fused SiO, SiC and SiN) were obtained both on graphite and

C-C substrates by electrophoresis. SiO2 and SiC deposits formed

on the anode indicating the presence of a negative charge on the

particles, while SiN deposited on the cathode. The charging

mechanism of SiO2 takes place as indicated in literature, by the

ioniz..tion of silanol groups present on the surface of silica

which has been in contact with water for prolonged periods.

ESi-OH+OH- -> ESiO-+H2 O

The charging of SiC and SiN can be envisaged through an

adsorption mechanism with SiC adsorbing negative ions and SiN

adsorbing positive ones. In the systems we studied the

available ions are OH- and H- deriving from small co;icentrations

of water present in the solvent. The dielectric constant of the

solvent (isopropanol) is at an appropriate level so as to enable

charging of the particles and yet to prevent electrochemical

decomposition of the fluid and evolution of gas.

Under the influence of the electric field the particles move to

the electrode with the opposite charge forming a relatively

dense and adherent "green coating" the thickness of which

depends on the deposition time (Figs. 9-13).

In thick coatings cracking is evident in the green state. This

has been encountered in previous work and eliminated by increase

of particle surface energy. In the coatings on the C-C

composite, a non-uniformity in coverage is observed due to the

texture of the carbon fiber cloth and local variations in con-

ductivity (Figs. 11,12). All together the composite is, as

expected, sufficiently conductive electronically so as to enable

its functioning as an electrode in the electrochemical system.

In addition to the formation of surface deposits, the induction

of the particles into the pores of a porous substrate was

demonstrated both qualitatively a nd ua-.tat:tvcl. The

qualitative studies were performed on cross-sectlons of coated
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porous graphite in the SEM. Clusters of colloidal SiO2 are seen
inside the cross-sectional (Fig. 24) while in the case of larger
particles and as in the case of SiC and fused SiO2 single
discrete particles are seen in graphite (Figs. 17,18) and in C-C

(Fig. 20). X-ray mappings of the exposed cross-sections for the
Si showed the presence of this element in the clusters and

particles. A line scan for Si (Fig. 28) showed variations in
its concentration indicating its localization in the induced

particles. In some cases the presence of Si in the particle was
shown by obtaining its spectrum with peaks characteristic of Si

(Fig. 21).

In order to evaluate the degree of penetration of the ceramic

particles as function of depth, locations at varying distance
from the surface were mapped for Si. This was done for

colloidal SiO2  deposits. Only two locations are shown in this
report, one close to the surface and one in the center of the

cross-section (Figs. 29-44).

It is very difficult to deduce comparative evaluations from

these experiments. Those are much more rigorously obtained from

following quantitative determinations of SiO2 . However, one
trend is quite clear: the decrease in SiO2 concentration with

depth of specimens.

Quantitative evaluation of the amount of SiO2 induced into the

pores was made by determining the amount of SiO2 in the porous
specimen after removal of the external deposit. Since no

sintering of the SiO, was performed, it was possible to remove
the graphite completely by its gasification at 950"C. The value
obtained for SiO2  in a blank graphite specimen was only 0.03%.

The tests were performed for deposits obtained in three solvents

at varying deposition voltages and particle concentrations. The
choice of solvents was based on their dielectrzc constant and

viscosity. We decided to test in addition to isoproponol a

solvent with higher dielectric constant and lower viscosity -

ethanol, and two with lower E but higher viscosity - pentanol

and hexanol 'see table 4). A lower viscosity is expected to

facilitate particle penetration due to reduction in viscous
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stresses. Powers [71 claims that electrophoretic deposition is
obtainable only in a definite range of dielectric constants

(d.c.) (E=12-25). It was of interest to experiment with
solvents with lower (pentanol, hexanol) and higher d.c.

(ethanol). However, it was impossible to differentiate between

the effects of the d.c. and that of the viscosity since both
varied independently in the various solvents. Fig. 48 shows

that at indentical voltage and particle concentration the order

of impregnation efficiency is:

isopropanol > pentanol > hexanol

(negligible impregnation was found in the SEM for ethanol and

therefore no quantitative tests were performed).

It can be deduced therefore that lowering of d.c. and increase
in viscosity retards particle impregnation. It should also be

pointed out that the presence of ceramic particles raises the
viscosity appreciably, the value increases with increase in

particle concentration (see Table 4). The effect of deposition

voltage on impregnation is seen in Fig. 46. A maximum at around

300V is seen for propanol at two concentrations. This can be

explained by the ambivalent effect of the voltage. On one hand

its increase will enhance penetration due to increase of the
electric field but at the same time the build-up of the external

coating which will be enhanced too will block further impregna-
tion. Indeed at 450V a very fast build-up of external coating

was observed.

The effect of concentration is seen in Fig. 47 for isopropanol

at 30V. The impregnation increases with concentration with a

diminishing rate.

A most interesting result was obtained during the quantitative
SiO2 determination. It was found that in those specimens where
the SiO2  concentration was at higher levels (such as 0.6%), a

SiO2 skeleton of the same shape and dimensions as the original

specimen ramained after the gasification of the graphite (Fig.

49). Moreover, the cross-section of the skeleton contained S-O2

(Fig. 50) indicating impregnatlon of the whole cross-section of
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the graphite specimen. Thus the induction of the colloidal SiO 2

into the-porous matrix under the influence of the electric field

was proven.

The electroosmotic effect which enhances the filling of pores as

a result of the presence of an electric field was shown in the

experiments described in 4.1.3, Table 2 and Fig. 45.

The presence of an electric field has a strong influence on the

penetration of water into the pores of graphite. Only 12% of

the pores were filled in absence of a field, while about 80%

were filled after over 5 min. but less than 15 min. of exposure,

when a field of 30V/om was applied. In the case of isopropanol

80% of filling was attained both with and without the electric

field. However, the rate of filling was higher with the electric

field.

Deposits of CeO2 , ZrOa and Al0 3 were obtained by cathodic

reduction reactions that form OH- followed by the interaction of

the OH- with the appropriate cation:

- electroreduction of H2 0 and NO3 -:

2H 2 O÷2e -> H2 ÷20H-

NO3a-H 2 O+2e -) NO-÷2OH-

- interaction between the OH- and the cation:

40H-÷Ce 4 -> Ce(OH) 4

30H-+AI 3 -- AI(OH) 3

40H-÷Zr 4  -> Zr(OH)4

- Dehydration of the hydroxide to form CeO2 , A120, and ZrO2 .

A crystallographic analysis was made for the cerium containing

deposit only so far confirming the CeO2 composition.

A similar preliminary analysis of the Zr containing deposit

indicates the as-deposited material to be amorphous and to

transform into the crystalline form by calcination. Thick

deposits of CeO2  and ZrO2 could be formed by increasing c.ds.

and deposition time. However, in the case of A1203 only very
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thin films were obtained. This might be due to differences in
the electric conductivity of the three compounds.

CHAPTER 6 - CONCLUDING REMARKS

The final objective of this research project is the development
of a method for coating and impregnation of carbon-carbon

composites with ceramic materials.

During this stage of the project the fundamental concepts

underlying the approach, based on the phenomena of

electrophoresis and electrodeposition, were tested.
Most experiments were performed, at this stage, on a model

material for C-C: porous graphite.

The results obtained can be summarized as follows:

Electrophoretic deposition of the ceramic materials, studied

so far (colloidal and fused SiO2 , SiC and SiN), on graphite

and C-C takes place following charging of the particles and
their displacement under the influence of the electric field.

The SiO2  and SiC particles acquire a negative charge
therefore are deposited on the anode, while the SiN is

deposited on the cathode.

- In addition to the formation of surface deposits the
induction of the ceramic particles into a porous substrate
was demonstrated qualitatively for all ceramics and v.s

studied quantitatively for colloidal SiO2 . The extent of
penetration was studied on cross-sections of coated porous

graphite in the SEM and by quantitative determination of the

SiO2 content in specimens obtained at various deposition

conditions.
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It is shown that an optimal value exists for the deposition

voltage resulting from its ambivalent effect on particle

penetration. This value was found to be around 300V

(180 V/cm).

The effect of the solvents-studied on impregnation efficiency

in decreasing order is:

propanol > pentanol > hexanol > ethanol

- Increase of particle concentration enhances impregnation up

to about 30 g/l for colloidal SiO,.

Although the weight percentages of impregnated SiO2 are low,

it is shown that the whole cross-section of the porous

graphite was impregnated. This is demonstrated by the SiO2

skeleton left behind after gasification of the graphite.

Further optimization of deposition parameters will lead to

increase of extent of impregnation.

The electroosmotic flow of isopropanol and of water into the

pores was demonstrated.

Ceramic coatings of CeO2 , ZrO2 and A1 20 3 were deposited on

graphite and C-C by electroreduction of aqueous solutions

containing inorganic salts of the appropriate metals.

Clusters of CeO2 were obtained in the skeleton of C-C by this

method.
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